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PREFACE 


A gyroscope is usually regarded as a mysterious instrument. At least, that 
is the reaction I got when I first started to design them; again when I tried 
to teach engineers and technicians about them; and finally when I tried to 
help salesmen sell them. 

With few exceptions, books on gyroscopes are inadequate, or one has to wade 
through a welter of mathematics to get at the meat of the topic. Some 
useful material is scattered through trade journals which descend upon the 
scientific profession weekly and monthly. For experienced gyro design 
engineers, the material is almost adequate. But for non-specialists, stu¬ 
dents, technicians, engineers, salesmen and managers who come in contact 
with gyroscopes in their studies or work, there is a need for a more descrip¬ 
tive and less mathematical presentation. BASICS OF GYROSCOPES, in 
two volumes, fills that need. 

The material in these books is an outgrowth of two separate teaching 
efforts. While a project engineer with Norden Division of United Air¬ 
craft Corp., I joined in presenting a course to engineers and technicians, 
designed to give a broad understanding of gyroscopic devices. As manager 
of application engineering for Norden, I prepared a gyro primer as a train¬ 
ing aid for technical sales people. 

One’s background and experience are seldom enough to encourage writing 
a technical book without stimulation and encouragement from others. I 
gratefully acknowledge the aid received from many sources: Colleagues, 
manufacturers’ literature, technical articles, etc. 

Space does not permit me to detail each source, but I must single out a 
few people for special thanks. T. R. (Dick) Quermann of Norden, who 
offered a broad technical shoulder to lean on when the going got espe¬ 
cially tough. Hal Winton, formerly of Norden and now with Venitron, who 
recognized the need for a simple gyro presentation and encouraged me in 
my initial efforts in this direction. The John F. Rider staff who have been 
so helpful. Beverly Rosenbaum and Annette Klein of Skiatron who typed 
this manuscript from some very rough drafts. And my family who know 
now that they did not lose a father and husband (during the evenings and 
weekends I spent writing this) but gained a book. 


CARL MACHOVER 


Levittown, New York 
June, 1960 
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WHAT A GYRO IS 


It All Starts With a Spinning Wheel 

Let us start with a spinning wheel called the rater or spin motor. The 
wheel is usually kept spinning by electricity (it is really an electric motor). 
Occasionally, the rotor consists of little buckets on the rim and is spun by 


The heart of a gyro is a 


SPINNING WHEEL 


DRIVEN BY 


ELECTRICITY 


OR AIR 
BLAST 


OR 

STRING 


an air blast. You might have played with a spinning toy i gyroscope) Ss a 
child, whose wheel was spun up by pulling g string. There are rau-r~ 
■Which are spun up with clock-like springs, 61 with exploding cartridges 
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WHAT A GYRO IS 


Definitions 

The rotor is mounted (generally with ballbearings) in a configuration called 
gimbals. The ballbearings which support the rotor in the gimbal are called 
rotor bearings. 

The outer gimbal is supported on the base surface with ballbearings —and 
the inner gimbal, which supports the rotor, is connected to the outer gimbal 
with ballbearings. These ballbearings on the gimbals are called gimbal 
bearings. 

A few more definitions follow. The axis about which the rotor turns is 
called the spin axis. The axis about which the inner axis rotates is called 
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Fig. 1-2 



Spinning Wheel or Rotor 


the inner gimbal axis. Similarly, the axis about which the outer gimbal 
rotates is called the outer gimbal axis. See Fig. 1-2. 

Finally, this entire configuration in which the rotor is mounted is some¬ 
times called a Cardan suspension—affectionately named after Jerome 
Cardan (1501-1576). History reports that Cardan could not figure out how 
to use the structure invented 300 years earlier by someone else. The 
complete instrument is called a gyroscope. Gyro is used interchangeably 
with gyroscope, although many times gyro is also used to refer to the 
spinning wheel or rotor. In this book, we will try to use gyro only when 
we mean the complete instrument. 
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WHAT A GYEO IS 


Base Motion Isolation ;v-. : 

The principal advantage of cur spinning wheel is that :it’s lazy: it wants to 
stay where it is in space 

This means that if the base surface turns around the outer girnbai axis or 
around the inner gimbal axis, the gyro spin axis stays put. in other words. 


the gimbal system isolates the rotor from the base rotations. 

This last statement deserves a word of explanation.; Let us start with the 
base surface horizontal and with the spin axis pointing straight up. If the 
base turns around the outer gimbal axis, or if the base turns about both 


axes at the same time, the spin axis still points straight up. The spin axis 
stabilized in 


space, or has been isolated from base motion. See Fig. 1-3. 

If some kind of angle measuring gadget called \he pickaff (a potentiometer, 
synchro, E-pickoff—ail of which will be considered in detail later) is used 
to measure the rotation of the base surface around the inner gimbal axis 

can then determine how far the base 


and/or the outer gimbal axis 
surface; has moved from a stabilized reference line (the gyro spin axis'). 

A Bit of History 

The ability of the gyro spin axis to stay fixed in space was utilized in 1850 
by Jean Foucault (1819-1869) of France, in order to demonstrate the rota* 
tion of the earth. The spin axis stays fixed in space while the base surface. 



WHAT A GYRO IS 


coined the word gyroscope from two Greek words: gyros, meaning 
revolution, and skop&in, meaning to view. Thus, gyroscope means to view 
revolution or rotation. 

In more recent times, the base surface of the gyroscope may be attached to 
an airplane or missile. Suppose the stabilized reference line has been given 
some particular orientation. The girnbal piekoffs will tell us how far the 
vehicle has deviated from the predetermined position. These pickoff signals 
can be used to; actuate control circuitry, to; place the vehicle back in the 
proper position. 

This is pretty much how an autopilot works. Gyroscopes used in this 




m (lyitf bat demonstrating the. ori^iRdt Sperry automatic pilot In !<M4. fg§|| 




mm, 


airplane low over a judges' stand with his hands off the controls, and with 
a mechanic walking out on the wings. See Fig'. 1-4. 

Two-Degree-of-Freedom Gyro 

The stabilized reference line may be given some particular orientation. If 
this orientation is up and down along the earth’s vertical, and kept that 



WHAT A GYRO IS 


way by means of some kind of plumb bob pendulous reference (which will 
be explained later) the device is called a vertical gyro. 
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WHAT A GYRO IS 


A gyro which is free to move about both the inner and the outer gimbal 
axes, but where the spin axis has no particular orientation, is called a 
free gyro. 

The general class of units we have been talking about so far covers the 
two-degree-of-freedom gyros. Their base surface can rotate about two quad¬ 
rature axes (axes at right angles to each other), the inner gimbal axis and 
the outer gimbal axis, without disturbing the stabilized reference line. See 
Fig. 1-5. 



IN A SINGLE-DEGREE-OF-FREEDOM GYRO THE BASE 
SURFACE IS ROTATED ABOUT ONLY ONE AXIS 
WITHOUT DISTURBING THE STABILIZED REFERENCE LINE 


Single-Degree-of-Freedom Gyro 

It is also possible to have single-degree-of-freedom gyros. Here, the base 
surface is rotated about only one axis without disturbing the stabilized 
reference line. For example, the spin axis is stabilized against rotation 
around the gimbal axis, but would be disturbed by rotations about the 
quadrature axis. See Fig. 1-6. 

There are two special single-degree-of-freedom gyros: the integrating gyro, 
which measures angular position (somewhat similar to the gyros mentioned 
thus far); and the rate gyro, which measures rate-of-change of angular 
position. This rate-of-change of angular position is called angular velocity. 
More about integrating and rate gyros will be discussed. 



















WHAT A GYRO IS 


Three-Degree-oi-Freedom Gyro 

A three-degree-of-freedom gyro can also be built. However, either two 
two-degree-of-freedom gyros (usually a combination of a vertical gyro 
and a directional gyro), or three single-degree-of-freedom gyros (usually 
integrating gyros) are needed. It appears impossible to build a three- 
degree-of-freedom gyro using only one rotor. See Figs. 1-7A and 1-7B. 


| INNER 
| GIMBAL 



■Jill THREE-DEGREE-OF -FREEDOM GYRO^|^ ssl ^( 
USING THREE SINGLE-DEGREE-OF-FREEDOM GYROS jj§j 

A three-degree-of-freedom system is called a stable platform. Pickoffs of 
a stable platform measure deviation of the vehicle about three quadrature 
(mutually perpendicular) axes. These axes form a space stabilized co¬ 
ordinate system. The stable platform will be considered in much more 
detail in the pages following. 

Coordinate Systems 

Pickoffs on a gyro measure angles, but not linear distance. Pickoffs 
measure the amount that the base surface has rotated, not translated. These 
angles are measured about a stabilized reference line and are sometimes 
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WHAT A GYRO IS 


referred to as Eulerian angles, after the mathematician Euler who devised 
a system of angles for locating one set of mutually perpendicular coordi 
nates (called Cartesian coordinates.—named after Descartes, 1598-1650) with 
respect to another set having the same origin. On an aircraft, the three 
mutually perpendicular axes are conventionally called roll, pitch and yaw, 
and the angles through which the aircraft rotates about these axes ate 


and the angles through which the aircraft rotates about these 
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tailed the roll angle, pitch angle and yaw angle, The roll axis, is the 
foreaft axis; the pitch axis is athwartship; the yaw axis is perpendicular 
to both the roll and pitch axes. See Fig, 1-8, 

Gyro Classifications 

Degree-of-freedom is a common way to classify gyroscopes. But in deter¬ 
mining the degrree-of-freedom, the freedom to rotate about the spin axis 
is not counted. For example, on a two-de.gr«c*of-freedom' gyro, the spin axis 
(or stabilized reference line) is not disturbed by rotations about the outer 
or inner gimbal axis. At first glance, it might appear that the spin axis 
is also not disturbed by rotations about itself. Actually, no stabilization is 
achieved about the spin axis. We could not, for example, place a pickoff 
between the inner gimbal and the rotor and be able to read out how much 
the inner gimbal (or base surface) has rotated about the spin axis. However, 
a pickoff between the outer gimbal and the base surface will measure base 
surface rotation about the outer girnbat axis. 






WHAT A GYRO IS 


Gyroscopes have also bee*} classified as being-instrument or non-instrument 
units. Generally, instrument gyros are used as transducers or sensors, while 
non-instrument gyros are used to do work. A Vertical gyro is an example 


Pltoh Angle 

r .v - j - > . » 


of an instrument gyro, and a ship stabilizer is an example of a non- 
instrument gyro. 

The other means of classification have already been used in this book. 
I have mentioned gyros which measure angular rotation. These are called 
amount or displacement gyros. X have also indicated that there are gyros 
which measure angular velocity—these are called rate , gyros, Depending 
upon the particular application, the integrating gyro may be used as a 
displacement or as a rate gyro. See Fig. 1-9. 
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WHAT A GYRO IS 


i-10 QUESTIONS AND PROBLEMS 


1. Name three ways in which a gyro motor might he driven. 

.' Name the principal parts of a gyroscope. 

3. What is the chief advantage of a gyroscope ' 

4. Explain base rnotiqn isolation. 

5. What does a pkkofl on a gyro measure?. 

6. How can a gyroscope he. used, to 'demonstrate that the earth is rotating 

7. What are some of the different kinds of gyros? 

8. What does degree-of-freedom mean, with respect to gyros? 

9. What is the degree-of-freedom of each of the following gyros: 

Vertical? Directional? Rate- Integrating ? 
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HOW IT WORKS 


Vectors cmd Scalars 

You are Hot the first one to ask: "How does a gyro work?" 

Ijn answer, let us start with vectors. As you recall, a veci 
physical quantity - which has both magnitude (how much 


A Speedometer shows scalar quantity speed, 30 mi/hr 


A Speedometer + o Compass show vector quantity velocity 
|Q as speed, 30 mi/hr, uni direction, North 


(Which way), For example, the vector velocity has both magnitude- (say 
SO mi/hr) and direction (say North). By comparison, alar quantity has 
only magnitude. Speed is a scalar quantity which has a magnitude (mi/hr) 
but does not have an associated direction. See Fig 1 -10. 









HOW IT WORKS 


Spin Vector 

Two factors are helpful in explaining the action of a gyro. First, there is 
the spin vector. The spin vector, an angular velocity, describes the way in 
which the gyro rotor rotates. The magnitude of the spin vector is measured 
in rad/sec, deg/sec, rev/min, etc. 


Wiek-HIklti Pnltha 



FIG. Ml 


The direction of the spin vector is found by wrapping the fingers of the 
right hand in the direction of spin rotation. Now, if the thumb assumes the 
usual hitch-hiking position, it points in the direction of the spin vector. 
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HOW IT WORKS 


Assume that the fellow is pulling on the crowbar with a force of 20 lbs and 
that the moment arm is 4 ft long Then the torque being exerted is: 

20 lbs x A It ~ SO Ib-ft 

or F x I., - T 

where F = force, and L moment- arm, and T = torque 

Finding the direction of the torque vector is just a bit tricky, but after all 
you got the stabilized reference line without any trouble. Our new aid 
the right band screw rule, is also used to establish torque vector direction 


T«t£ is ,m% pWiCliQ'b THE ■ 

CROWBAR WOULD TEND TO 
ROTATE 


THIS IS. THT'TOJNT AROUND WHiCH 


IT MOVED (AXIS OF ROTATION) 


TOW? KINS EXERTED = LENGTH OF MOMENT ARM X FORCE 




If the fingers of the right hand are wrapped iri the direction of the applied 
force (this is the same direction the object would' rotate if it could) the 
thumb will point in the direction- of the torque vector. In our crowbar 
example, the torque vector would be pointing uf>; See Fig. i-14. 


Now that you have spin vectors and torque vectors properly in hand (the 

ready to consider the law of gyroscopic 


right hand, that is) 
precession. 





HOW IT WORKS 


























HOW IT WORKS 
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Pracesslsu 


A gyroscope is a fairly surprising device: if you push it in one direction it 
moves off in another direction. However, the. way in which it moves is 
predictable. 










HOW IT WORKS 


Let us take a close look at the two-degree-of-freedom gyro (Fig. 1-15). 
With the rotor turning clockwise, as viewed from above, the right hand 
screw rule tells us that the spin vector points down. Imagine that you 
exert a torque on the inner gimbal axis by pushing into the paper along 
the outer gimbal axis, as illustrated. Which way is the torque vector 
pointing? Let us apply the right hand screw rule again: we find that the 
torque vector points left, along the inner gimbal axis. By pushing on the 
inner gimbal axis you would expect the gyro to rotate about the inner 
gimbal axis in the direction of the push. Instead, the gyro will begin to 
rotate around the outer gimbal axis. This rotation of a gyroscope in 
response to an applied torque is called precession. 

When a torque is applied to a gyroscope the spin vector tries to move into 
the torque vector. This means that the gyro will rotate (precess) about an 
axis in quadrature to both the spin vector and the torque vector. 

As shown in the sketch (Fig. 1-16), when the torque is applied about the 
inner gimbal axis, the gyro will precess about the outer gimbal axis. 
Conversely, when the torque is applied about the outer gimbal axis, the 
gyro will precess about the inner gimbal axis. What happens if torque is 
applied about the spin axis? The answer is nothing—except that the motor 
may speed up or slow down. But no precession takes place since the spin 
vector is already aligned with the torque vector. 


Spin Vnetnr 



FIG. 1-17 


RIGHT HAND RULE FOR GYROSCOPIC PRECESSION 
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LAW OF GYROSCOPICS 


HOW IT WORKS 


Right Hand Rule 

Your right hand can be helpful in 
range your thumb, ihdex i 
Assume that your thumb >s 
that your index finger 
(Fig. 1-17) Keep your fingers rigidly in this configuration 

When you try to rotate your thumb (spin vector) into your index finger 
(torque vector) your hand (the gyro) moves around your middle finger 
(precession axis)-—just the way the actual gyro does. In addition, the 
middle finger points in the direction of the precession vector. Precession 
is an angular velocity vector, just like the spin of the rotor. 


these relationships. Ar- 
three quadrature axes, 
pointing in the direction of the spin vector and 
is pointing in the direction of the torque vector 


The law of gyroscopic precession ss so basic to an understanding of gyro 
operation that it deserves repeating at this point * when torque is applied to 
a gyro, the spin vector tries to move into the torque vector, giving rise to 
precession about ah axis in quadrature.to both the spin and torque vectors. 


so be computed from another 
















HOW IT WORKS 


Try a Few For Practice {Fig. 1-18) 




|®®pwjl 




Spin Axis 


Spi« Axis 


WHERE MB 
m 0OES 
THIS P8E«? 


TO PRODUCE THE 
INDICATED PRECESSION. 
HOW WAS THE 
TORQUE APPLIED? 


See Nexf P«$o 
For Anseers fa 
These Qsostfoiis 


Prscessioo Vector 











HOW IT WORKS 


Here are the answers (Fig. 1-19): 



FIG. 1-19 Pr«e«*il#B Vector 


Law oi Gyroscopics 

In any case, I x W, = H, where I = inertia, and W., = spin velocity, and 
H = angular momentum. Another way of putting it is: 

H = IW, 

"H" is essentially that property of a spinning wheel which determines its 
degree of "laziness." The greater the angular momentum, the more the 
gyro tends to stay fixed in space. 

The law of gyroscopics, then, is sometimes written as in Fig. 1-21. 

Conventional Units 

Just as we can measure the length of a piece of string in many units 
(inches, centimeters, feet), we can express the parameters of the gyroscopic 
equations in many units. (See Fig. 1-22.) It is conventional to use the 
units listed as follows: 
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HOW IT WORKS 


torque (T) 

angular momentum (H) 
precession (W,,) 
spin velocity (W«) 
inertia (I) 


ounce-inch (oz-in) 

gramrcentimetersVsecortd (gtmcmVsec)- 
. . ; degrees 'second (deg/sec) 

revokitions/mi nute (rev/min) 

. gratp^ntimeter'^ (gm-cm 2 ) 

- . ■ • • ■, ‘ j»’ 

However, the parameters expressed in conventional units cannot simply be 

plugged into the law of gyroscopics. because the units are hot consistent—it 
would be something like mixing apples and oranges. 

A consistent set of units would be; 

torque (T) dyne-centimeter (dyne-erm 

angular momentum (H) gi-am-centimeter^ second (gm-cnrVsec) 

precession (W,,) radian second (rad sec) 

spin velocity-(W,)- radian./second (rad sec) 

inertia (l) gram-centimeter 2 /second (gm-cm-’/sec) 





I* ■ ' 

7TTJT 



Tny 


11 \$j 

t 

> •• ,M. 

f 'fv/j 
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Conversions • 

Practice in converting from one set of units to another is helpful. For 
example, remember that a circle has 360 deg, or Z* rad (where tr 3.14); 


2tt 


Therefore, 1 rad — ■ - -— • deg, or. 57.3 deg. and l deg 'rad “ 0.017; 

2* 360 

Similarly, in converting from rev min to rad sec. remember that I rev — 360 

deg — 2r rad, and that 1 min - 60 sec. 




Therefore, 1 rev/min 


60 


rad/sec r 0.105 rad sec. 


See Fig. 1-23 for abbreviations. Additional conversion factors are given m 
Fig. 1-24. 
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HOW IT WORKS 


MB 
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THE SAME PIECE OF STRING 
| CAN BE MEASURED IN MANY DIFFERENT UNITS 


ounce-$quare4r>ch/*econd 
ounce-inch-second 
grqm^cenirmefer-square/secerid 
dyne-cRhHm«tRr-second 
deg r«es/minute 
degrees/hour 
radioni/iecond 
fevoiufians/minufe 
ounce?-square inch 
slug-square feet 
gram-centimeter-square 
dyne-centimeter-square 
dyne-centimeter 
ounce-inch 
pound- foot 
gr^m.centimeter 


©z-*q-in/sec 

oz-rn-sec 

gm-cm^/s*c 

dyne-cm-Sec 

deg/min 

deg/hr; 

. r;ad/> W 
rev/mi# 
az-sq In 
slug *q, ft 

gm-cm^ 
dyne-cm^ 
dyne-cm 


means 

means 


means 


means 


means 


means 


means 


means 


means 





HOW IT WORKS 


Commonly Used Conversion Factors (Fig. 1-24) 

ANGULAR MOMENTUM 


^WLTIPLY 

BY 

TO OBTAIN 

oz-in 2 /sec 

0.00259 = 2.59 x 10 3 

oz-in-sec 

oz-in 2 /sec 

183 = 1.83 x 10 2 

gm-cm 2 /sec 

oz-in 2 /*ec 

183 = 1.83 x 102 

dyne-cm-sec 

oz-in/sec 

386 = 3.86 x 102 

oz-in 2 /sec 

oz-in/sec 

70600 = 7.06 x 10* 

dyne-cm-sec 

oz-in/sec 

70600 = 7.06 x 10* 

gm-cm 2 /sec 

gm-cm 2 /sec 

0.00547 = 5.47 x 10-» 

oz-ln 2 /sec 

gm-cm 2 /sec 

0.0000142 = 1.42 x 10 R 

oz-in-sec 

gm-cm 2 /sec 

1 

dyne-cm-sec 

dyne-cm-sec 

0.00547 = 5.47 x 10 3 

oz-in 2 /sec 

dyne-cm-sec 

0.0000142 = 1.42 x 10 s 

oz-in-sec 

dyne-cm-sec 

1 

gm-cm 2 


ANGULAR VELOCITY 


deg/min 

60 = 6.0 x 10 

deg/hr 

deg/min 

0.000291 = 2.91 x 10* 

rad/sec 

deg/min 

0.00278 = 2.78 x 10» 

rev/min 

deg/hr 

0.0167 = 1.67 x 10-2 

deg/min 

deg/hr 

0.00000485 = 4.85 x 10« 

rad/sec 

deg/hr 

0.0000463 = 4.63 x 10-<* 

rev/min 

rad/sec 

3440 = 3.44 x 10 3 

deg/min 

rad/sec 

206,000 = 2.06 x 10 6 

deg/hr 

rad/sec 

9.55 

rev/min 

rev/min 

360 = 3.60 x 102 

deg/min 

rev/min 

0.105 = 1.05 x 10-1 

rad/sec 

rev/min 

21,600 = 2.6 x 10* 

deg/hr 


MOMENT OF INERTIA 


©z-?n 2 

0.0000135 = 1.35 x 10 R 

slug-ft 2 

oz-in 2 

183 = 1.83 x 108 

gm-cm 2 

oz-in 2 

179,000 = 1.79 x 10 6 

dyne-cm 2 

slug-ft 2 

74100 = 7.41 x 10* 

o 

N 

slug-ft 2 

13,600,000 = 1.36 x 10? 

gm-cm 2 

slug-ft 2 

13,300,000,000 = 1.33 x lO™ 

dyne-cm 2 

gm-cm 2 

0.00547 = 5.47 x 10" 8 

oz-in 2 

gm-cm 2 

0.0000000738 = 7.38 x 10-8 

slug-ft 2 

gm-cm 2 

981 = 9.81 x 102 

dyne-cm 2 

dyne-cm 2 

0.00000558 = 5.58 x 10 « 

oz-in 2 

dyne-cm 2 

0.0000000000752 = 7.52 x 10-” 

slug-ft 2 

dyne-cm 2 

0.00102 = 1.02 x 10*8 

gm-cm 2 
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TORQUE 


dyne-cm 

0.0000142 = 1.42 * 10-5 

oz-in 

dyne-cm 

0.0000000738 = 7.38 x 10 * 

Ibft 

dyne-cm 

0.00102 

= 1.02 x 10» 

gm-cm 

oz-in 

70600 

= 7.06 x 10 4 

dyne-cm 

oz-in 

0.00521 

= 5.21 x 10-3 

lb-ft 

oz-in 

72 

= 7.2 x 10 

gm-cm 

lb-ft 

13,600,00 

= 1.36 x 10 10 

dyne-cm 

lb H 

192 

= 1.92 x 10 2 

oz-in 

lb-ft 

13800 

= 1.38 x 10 4 

gm-cm 

gm-cm 

981 

= 9.81 x 10 2 

dyne-cm 

gm-cm 

0.139 

= 1.39 x 10*1 

oz-in 

gm-cm 

0.0000723 = 7.23 x 10 5 

lb-ft 


Conversion Example 


Let us work out an example using the conversion factors preceding. In our 
torque calculation we computed that 80 lb-ft of torque were being applied to 
the crowbar. Suppose, that the same torque were applied to a gyroscope 
whose angular momentum was 25,000,000 gm-cm 2 /sec (Fig. 1-25). This is 
a representative value of H for a high performance two-degree-of-freedom 
gyro. We would like to find the resulting precession. The law of gyro- 
scopics says that: 

T = H x W p 

or: dyne-cm = gm-cm 2 /sec x rad/sec 


Because torque is expressed in lb-ft in our example, we must use the 
appropriate conversion factor to get torque expressed in dyne-cm before we 
can insert the value into the equation. From the conversion table, we 
find that lb-ft x 13,600,000 = dyne-cm. Therefore, 80 lb-ft x 13,600,000 = 
1,090,000,000 dyne-cm. Rearranging the law of gyroscopics: 


Wp = 


T 

H 


Substituting W p 



1,090,000,000 dyne-cm 
25,000,000 gm-cm 2 /sec 


= 43.6 rad/sec 


To get some feel for the magnitude of 43.6 rad/sec, convert rad/sec into 
deg/min. From the conversion table, 43.6 rad/sec x 3440 = 150,000 deg/min. 
Now, the second hand of your watch goes through 360 degrees in one 
minute. This gyro, then, with an H = 25,000,000 dyne-cm 2 /sec would rotate 
somewhat over 400 times faster than the second hand on your watch in 
response to an 80 lb-ft torque. An 80 lb-ft torque is considerably higher 
than that encountered in practice. We will be talking about more practical 
value later on. 
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HOW IT WORKS 


Powers of Ten 


Notice that we have been working with numbers of wide magnitude: 
25,000,000; 1,090,000,000; 0.017. It is conventional to write these numbers as 
multiples of some convenient power of ten (Fig. 1-26). 

Numbers between 1.0 and 9.9 are not usually written as a power of 10. 
Here are some examples of numbers that are: 


0.001 = io - 3 

0.01 = 10 2 

0.1 = io - 1 

1.0 = 10 ° 

10 . = 10 1 


100 . = 10 2 
1,000. = 10 s 
10,000. = 10 4 
100,000. = 10® 
1,000,000. = 10« 


In each case, the appropriate power (exponent) of 10 is the number of 
places to the left or right the decimal point must be moved to get 1.000. If 
the number were 0.001, the decimal point would have to be moved three 
places to the right to obtain 1.0; therefore, the exponent for 10 would be -3. 
If the number were 1,000, the decimal point would have to be moved three 
places to the left to obtain 1.0; in this case, the exponent for 10 would be 
3. Any number can be expressed as a number between 1 and 10 times the 
appropriate power of 10. For example, 25,000,000 can be written as 2.5 x 
10,000,000 or 2.5 x 10 7 . Similarly, 1,090,000,000 can be written as 1.09 x 
1,000,000,000 or 1.09 x 10 9 . Also, 0.017 is the same as 1.7 x 10 -2 . 


Handling Exponents 

There are advantages to the power of 10 method in addition to convenience 
in writing. It will be worthwhile to digress from gyros to examine the 
mathematical processes involved in working with exponents. Here are 
some general rules for manipulating exponents: 


GENERAL RULE 


EXAMPLE 


1. 

2 . 


3. 

4. 

5. 

6 . 


7. 

8 . 


ba n + ca" = (b + c)a“ 6a 2 + 3a 2 = 9a 2 

ba n — ca n = (b — c)a“ 6a 2 — 3a 2 = 3a 2 

(Note that [ba n ± ca m ] or [ba n ± cd n ] cannot be added or subtracted as 
shown in the first two examples because either the exponents are dif¬ 
ferent or the numbers raised to the nth power are different.) 

a" X a m Jj(n + m) 

ba" x ca m = (b x c)a (n+m) 


a 2 x a 8 = a 6 
6a 2 x 3a 3 = 18a 5 


a" -T- a" = a ( " - ”) a* 

ba n -i- ca m = (b c)a (n - m) 6a 2 4- 3a 3 = 2a _1 = 2/a 

(Note that [a n x d m ] cannot be multiplied together since the numbers 
being raised to the nth and mth powers are not the same. Similarly 
la" d m ] cannot be divided.) 

(a“) m = a (nm) (a 2 ) 3 = a® 

= a* n -*" in> = a 2/3 _a 0667 


.2 -i. 


a 3 = 


,-i _ 


= 1/a 
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Now let us work the example we did previously over again, but using the 
powers of 10: 



_ 1,090,000,000 dyne-cm 1.09 x 10 9 dyne-cm 

p 25,000,000 gm-cm 2 /sec 2.5 x 10 7 gm-cm 2 /sec 

W p = 0.436 x 10 2 rad/sec = 43.6 rad/sec 

See, by working with the powers of 10, it is easier to keep track of the 
numbers—which in turn tends to cut down mathematical errors. 


QUESTIONS AND PROBLEMS 


1. What is the difference between a scalar and a vector? 

2. What is the right hand screw rule? 

3. A man pulls against a 2 ft crowbar with a 60 lb force. 

How much torque does he exert ? 

4. What is the law of gyroscopic precession? 

5. State the law of gyroscopics. 

6. Just what is precession? 

7. A gyro has an angular momentum of 10 4 dyne-cm 2 /sec. It is subjected 
to a torque of 3.35 x 10~® oz-in. What is the precession rate in deg/hr? 

8. Draw a sketch showing a gyro with torques applied. 

9. Show how the right hand can be used for finding precession. 


10 . 


Solve following problem: 


, 3 x 10® — 3 x 10 r> 
\ 3 x 10 3 
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VERTICAL. GYRO 


Whcri a Vertical Gyro Is 

Thus far we know that a gyrosydpy ;»sr something which tends to stay fixed 
in. space, but will move in a predictable. fashion when.subjected to a torque. 
How do we express this in ordinary *, on vernation? Let us see this torque in. 
precession-out relationship used to control a displacement gyro. 

First, consider the vertical gyro (see Vertical Gyro sketch) 


r ig§i 

mm 

6 ' 


jit 5 vsrijeai gyro, tins d&Mlind 

Ilfce feints vefHcal 


Remember, that is the two-degree-of-freedom unit where the stabilized 
reference line is kept along the earth s vertical. The thing we make use of 
in a gyro is that it always stays fixed in space. Why not just line up the 
spin axis along the earth’s vertical, and the spin axis will stay there 
forever after? 

Which Way Is Up 

Unfortunately, it is not that easy. As shown in Fig. 1-27, the earth's 
vertical really is a line passing through the surface of the earth and the 
center of the earth: a radius of the.earth’s sphere. Let us say we initially 
line up the spin axis along the vertical. If the gyro were sitting on a level 
table, that means that initially, the .spin axis would be pointing up and down. 
Let us say also that the outer gimba! axis is lined up North South, The 
earth is spinning arid it carries the gyro around with-it; 

Suppose we are performing this experiment at the equator, and we look at 
the gyro 3 hrs after we originally lined the spin axis up with the vertical. 
Three hrs later the gyro would be tilted 45 deg away from the vertical, 
around the outer gimba! axis. Why? Because the gyre stayed fixed in 
space and during those 3 hrs the, earth’s vertical rotated in space through 
45 deg. If we performed this same experiment in New York City,we would 
find that after 3 hrs the gyro was tilted, about 33.Q deg away" from, the 
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VERTICAL GYRO 


vertical. Incidentally, that is exactly how Foucault used a gyro fit prove 
that the earth was turning. 

Earth's Rate 

A little bit of trigonometry and vectors will help us visualize the problems 
better. Look at Fig. 1-28 showing, the earth. The earth rotates with an 
angular velocity of 1 rev day (15 deg hr) about an axis which runs North 
South. Since the earth rotates West East, the angular velocity vector of 


Appmnf offset/. 


mm 

Rouirn 

IM l HRS 


the earth’s rotation points North/ (Right hand screw rule ) Question? 
What is the angular velocity of the earth at some other point chan along 
the North South axis? The angular velocity of any point gb the earth’s 
surface is the same, 15 deg/hr provided we are talking about the angular 
velocity about an axis parallel fa the North South axis of the earth. At 
only two points on the earth's surface does the 15 deg/hr angular velocity 
vector lie along the earth s vertical. That is at the North Pole and at the 
South Pole. Anywhere else on the earth's surface, only part of the 15 
deg/hr angular velocity lies along the vertical. 

Resolving a Vector 

■ ■ . . 

To find out how much; we will need some trigonometry, In the right 
triangle in Fig. 1-29: 

cosa — a'/h siiv - b h tan> -b a 
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Earth's spin vector 
15 deg/hr 


15 deg/hr 


15 deg/hr ;? 
fatythf Minify Is the 
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Earth's rotation 


:.;v-v 


SINGE THE EARTH ROTATES WEST EAST, THE ANGULAR 
VELOCITY VECTOR OF THE EARTH ROTATION POINTS NORTH 
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VERTICAL GYRO 


Therefore;-'’if we know h and the angle a we can find a and b and vice 
versa. Now the tine h might he a vector with magnitude h and a. direction 
angle A. Then the process of finding a and b is called resolving the vector 
into rectangular coordinates. This means that we have broken up the 

idrrection of 0 deg and b 


vector h into tvvo component vectors 
with a direction of 9D- deg^ Any vector c^n be resolved into component 
vectors in this way. The vector $itm of the component vectors will equal 
the original vector, both in magnitude and direction. 

Latitude 

On the surface of the estthy North South directions are measured in 
angles of latitude, and East West directions are measured in angles of 
longitude. 


North 

latitude 


ialitude 
4t tag N 


$o«th 

latitude 


To illustrate the measurement of latitude, imagine that the earth is sliced 

draw a, number of 


in half along the North South axis, Fig 
parallel lines at right angles to the North South axis. The particular line 
passing through the center of the earth represents the Equator. From the 
center of the earth, draw a radius which intersects the surface of the earth 
at the same point at which one of the parallel lines intersects the surface. 
The angle that the radius makes with the equator is the latitude angle or 
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latitude of that particular parallel line. For example; a line passing fjotn 
the center of the earth through New York City make* an angle of -about 
43 deg With the Equator. Therefore, New York Ctty has a latitude of 41 
deg North. Any point on the Equator has a latitude of 0 deg. The North 
Pole has a latitude-of 90 deg North and the South Pole has a latitude of 
90 deg South. 

Longitude 

Next, let us take a look at longitude. This time, slice the earth in half 
along the Equator (Fig. L*31). From the center of the earth draw a 


Y^)r- EwjUntl 

Ungltud# 

—* Unjltml* of, 

¥«rk City 
- i4 . 


LonrilWl# if MwMltn Lines 


number of radii intersecting the surface at the Equator. On the surface 
of the sphere, draw lines between these intersections and the North and 
South Poles. These lines are called meridians. One of these meridians will 
pass through a small borough of London, England, called Greenwich. All 
East. West distance op the earth is referenced to this borough, and its 
location, has been designated U deg long!tudel. To find the longitude of any 
other place on earth, determine where the meridian passing through the 
location m 


questibn intersects the equator. The longitude Is the angle 
between the radius at the Equator intersecting that meridianj and the radius 
intersecting the meridian passing through Greenwich. England. 

The angle between the radii at the Equator intersecting the meridians 
passing through Greenwich, England, and New York City is about 74 deg. 
Therefore, the longitude angle or the longitude of New York City is 74 
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deg West. The m^irnum . longitude angl«? is 180 deg, since any other 
longitude less than be expressed as art angle plus direct-ibn, 

from Greenwich. 

Mote that if you travel -along: a meridian, you must be going either North dr: 
South and if you are travelling along a latitude brn you must be going 
either East or West Mo matter filor>g which meridian you travel, you covet 
an equal linear distance: if you go he t wen '-equal angles, o f latitude. Fig. 1-.12 
That is, if. you will travel the 

same distance between 40 degand 60 deg North latnndy as you would it 
ydu had travelled between. 2f0 dieg.a« 4$ dtg ^ufh latitude. ' 

However,, if you travel along .'different latitude lines,.the linear distance 
between equal angles cd longitudewi 1 i not b* the same' For example, the 
distance between 20 deg East Jungituiie and 40 deg East longitude along 
the 40 deg North latitude, line rs longer than the distance between the same 
longitude angles along the 60 <kg latitude litre. 


L in ear distance 
between equal 


tee warily 


Dnsat dhtam 


Finding Latitude 

In Fig. 1-33, we have drawn the radius line between the center of the* 
earth and fJsw York City, since ;NeW York City Is at a latitude of about 
41 deg, this radius makes an angle of 41 deg with the equatorial plane. As 
indicated before- this radius represents the local vertical at New York 
City. Therefore any line drawn at right, angles to this vertical at the 
surface of the earth must be horizontal at New York City One definition 
of the vertical is that it is perpendicular to any horizontal plane; 
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Horizontal and Vertical Con^pwS^ts#'# lE&rth's Rate 

At the intersection between the horizontal line and the vertical, we have 
drawn a line parallel to the North South axis. As we indicated before, the 
vector representing the earth's angular velocity of 15 deg/hi lies along 
this line parallel to the North South axis. By geometry, we find that the 
angle between the earth’s angular Velocity vector arid the horizontal line is 
the same as the latitude. 


Then let us resolve the earth’s angular velocity into two new vectors: one 
horizontal and one vertical Using trigonometry, we find that the horizontal 
component of the earth's rate is: earth's rate x cos latitude and the vertical 
component of earth’s rate is . earth's rate x sin latitude. At New York City, 
the latitude is about 41 deg. Therefore, the horizontal component of earth's 
rate is 15 deg/hr x cqs 41 deg or 15 deg hr x 0,756 or 11.3 deg hr 

Therefore, after 3 hrs the earth rotated 13 9 deg in space around the 
horizontal line. That number is the same as the tilt from the vertical 
found in the tw<Kdegree-of-freedom gyro. Similarly, at the Equator (lati- 












ttsde 0 deg), the horizontal component of earth's rate is 15 deg/hr x cos 
0 deg or 15 'deg/hr x l. or 15 deg/hr. What does this all mean? It means that 
because a gyro is established in space., it Will show an 


apparent drift from 
the local vertical equal to the horizontal component of the earth's rate at 
that' point. See Fig. 1-34. 
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Horizontal Component of Earth's Rate 

One more aspect about this: horizontal component of earth's rate: The 
effect on the gyro depends upon which way the unit is pointing. Let us 
take the side view of the horizontal component and look down on it 
from some high vantage point. See'Pigvi-35. We see that in the horizontal 
plane, the horizontal component of earth's rate vector points North. If we 
have- a two degree-of-frcedom gyro arranged so that the outer and inner 
gtmbal axes lie in the horizontal plane, and if the outer girnbal axis points 
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appear as an angular velocity about the inner girnh&j axis. In this ease, 
there would be an apparent drift about the inner gimhai axis. What if the 
outer gimbal axis pointed in some other direction, say 30 deg East of North 
All the angle between the outer gimbal axis and the North is called the 
heading angle. The horizontal component of earth's,, rate vector could then 
be resolved into two component vectors: One lying along the butev gimbal 
axis and one lying along the inner gimbal axis. 

The component of the horizontal component of earth's rate vector along 
the outer gimbal axis is : Horizontal component of earth's rate x cos heading 
angle and the component: of the horizontal component of earth's rate vector 
along the inner gimbal axis is : Horizontal component of earth's cate x sin 
heading angle. Remember that the horizontal component of earth's rate 
earth’s rate x cos latitude. It may be more convenient to write: Component 


VERTICAL GYRO 

North South, all of the horizontal component of the earth’s rate wouid 
appear as an angular velocity about the outer gimbal axis. This then would 
be an apparent drift about the outer gimbal axis. However, if the gyro 
were rotated through the 90 deg so that the outer gimbal axis points 
East West, all of the horizontal component of the earth’s rate would 
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of .earth 4 ? rate along outer gimbal axis — earth's rate x cos latitude x cos 
heading angle, and : Component of ./earth’s rate along inner gicnbal axis ~ 
earth's rate x cos latitude x sin heading angle. See Fig. L36, 
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Effect of Horizontal Component 

Let us see what the apparent drift due to. earth's rate is for a two-degree- 
of-freedom gyro, whose inner and outer axes lie in a horizontal plane, when 
the unit is located in New York City (latitude 4l deg) and whose outer 
girnbal axis points at a 30 deg heading angle. 

Component.of earth's rate along outer gimbal axis is 15 deg hr x cos 41 
deg x cos 30 deg or 15 deg/hr x 0.756 x 0 8ft? or 9.8 deg/hr. Component of 
earth’s rate along inner gimhai axis is 15 deg .'hr x cos 41 deg x. sm 30 deg 
or. 15 deg hr x 0,756 x 0.5 or 5 : ? deg 'hr, 

'Therefore, after one hour, the gyro spin axis would have tilted §.8 deg from 
the vertical about the outer .gimhai axis, and 5.7 deg from the vertical about 
the inner gimbal axis; or a total of about 11.2 deg from the vertical. See 
Fig. 3.-37. 
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Vertical Component <*t Earth's Rate 

So much for the effect of the horizontal component of earth’s rate. What 
about the vertical tompoheni of earth’s rate? As long as the spin axis of 
the vertical gyro stays vertical—and we will find out how to keep it that 
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way even though there is this apparent draft due to earth's rate—the 
vertical component of earth’s rate has no effect on a vertical gyro See Fig, 
1-38- It does affect a directional gyro, however, in 2 way we : Will examine 

later 

EMect of Aircraft Velocity 

If this vertical gyroscope is being carried in an airplane, there is another 
effect Which must he considered Assume that the gyro b mounted in the; 
airplane so that the outer gimbal axis lines up with the roll axis of the 
aircraft and the inner gimbal axis lines; up with the pitch axis. We start 
out by making the spin axis point, along the earth's vertical Now say wc 
are flying along at about 300 mi hr. After flying 6 hrs, the gyro spin axis 
would be tilied around the pitch axis about 2b deg from the vertical. Again, 
this is because the gyro is fixed in space while the airplane has effectively 
rotated in space around the earth. See Fig. 1-39. 
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GYRO STAYS PUT BUT SHOWS APPARENT DRIFT 
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FIG 1-39 


Earths Profile Drill 

If you imagine that the airplane is flyirig on a string as long as the radius 
of the earth, you can see that the airplane actually has an angular velocity 
in space. This angular velocity in rad/hr is the linear Speed (ground speed} 
in mi/hr, divided by the radius of the earth in mi (about 4.000 mi) Using 
the right hand screw rule, we find that the -direction- of the angular 
velocity vector must always be pointed to the left hand wing of the aircraft, 
as shown in Fig. 1-40. This means that this effect—called apparent, drift 
due to earth’s profile—will always appear as a tilt from the vertical about 
the gyro axis aligned with the pitch axis of the aircraft. 
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Earth’s profile apparent drifr »s 
always along pitch axis 


Airplane velocity 
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Random Drift 


In our discussion of the vertical gyro so far yye haye assumed that a ^ 
functions perfectly, and that the gyro spin axis does indeed stay fixed in 
space. Unfortunately, this isn't quite true m reality, Almost any piekoff 
exerts a torque, about the axis of which if is mealbring angular rotation. 
Friction in the gimbal bearing exerts undesirable barques. The complex 
mechanical structures associated with gyroscopes give rise to many other 


torques. See Fig. 1-41, 

As most displacement gyros are used in systems where a fixed reference 
line is required, any unknown angular motion of this line due to unknown 


HP| 

■ >-Y , ; v. \ . 


torques is called random drift. The number used to measure the quality of 
a displacement gyro is called the drift rate. A reasonable value of drift 
rate for an autopilot gyro is about 50 deg hr:, Such gyros have an angular 
momentum of about 5.x jd f * gm-run- sec From the law of gyroscopic* we 
can compute that random, torque levels df. about 730 dync-cm can be tuien 
ated in this application However t this -isn’t very much, when you .consider 
that the gimbal bearing atone may - cause/-, of the allowable.amount. 
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Effect of Drift ' :• ■'SfjF; TV 3 ? ; r ,• ■■ 

It seems- as if we have a problem on our hands. We would like to make use 
of the space stable properties of the gyro, but the stable reference line, to 
be useful, should be lined up with the earth's vertical. Because of the 
apparent drift due to earth’s rate and earth’s profi !e, and the random drift 
due to unknown instrument torques, the space stable line appears to drift 
bad% with respect; to theearth's vertical. See Effect of Drift Sketch, 

LH iis invent a cont rol system to keep the gyro spin axis lined up with the 
earth’s vertical-See Fig, 1-4B- : V 


Vertical Pendulum 






























VERTICAL GYRO 


parallel to the table, and the pendulum will be parallel to the spin axis. 
However, after 3 hrs at the Equator, the gyro spin axis will be tilted 4$ 


deg to the vertical and the outer glmbal will be tilted -45 deg Irorri the 
table. See Fig. 1-43. Since the pendulum always lines Up with the 
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vertical, the pendulum wili still be pointing up and down. Therefore, the 
pendulum makes a 45 deg angle with the outer gimbal. Let us put a 
pickoff between the outer gimbal and the pendulum. Any time the 
pendulum..does not lirte up with the spin axis, the pickoff generates some 
kind of electrical signal. Now, we Would like to line up the spin axis with 
the pendulum. 

Erection Control 

Why not precess the gyro about the outer axis until the spin axis and 
pendulum are aligned. To precess the gyro about the outer axis, we must 
apply a torque about the inner axis. There are many electrical gadgets 
which will generate a torque in response to an electric signal: A motor, 
for example, /_ _ .^ ’^V ^ 1 : -• 

What should we do? Simply apply the signal from the pendulum pickoff 
on the outer axis to the tofquer on the inner axis. The torquer will exert 
torque about the inner axis and the gyro will precess about the outer axis 
until the pickoff signal goes to zero. The pickoff signal goes to zero when 
the spin axis is aligned with the pendulum. See Fig, 1-44. We how have a 
control circuit which will keep the stabilized reference line vertical. On 
a verticalgyro, this is called the erection.-control 

Servo engineers will recognize that the erection control is really nothing 
more than a closed loop servo. 
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Why Use a Gyro 

By now you are probably wondering • "Why all this fuss about controlling 
a gyro? Why not use the' pendulum directly to measure the vertical ?” 
Unfortunately, although the pendulum does a fine job while sming-on; a 
table, all sorts of unpredictable things happen when it is put into amoving 
vehicle like an airplane. See Fig. 1-45 For example, wind gusts will cause 
the pendulum to surge back and forth about the verticie. When the 
aircraft, turns, the pendulum tends to line up with the yaw axis; This 
means that the pendulum moves away from the vertical by an amount equal 
to the bank angle. In fact, about the only time the pendulum sits up and 
down i-s when the plane is in straight level flight. A pilot will tell you if 
is hard to maintain straight level flight He will tell you it is just about 
impossible. 

Therefore, the gyro is needed to remember the average position of the 
pendulum. To make this memory function work properly, however, we 
must make compromises. 

Linear Erection System 

Let us take a close look at the erection control to .see what omsr he 'done- 
As indicated before, the erection control is used to supply ii Ouque which 
precesses the gyro back toward, the vertical. The i a teat which tb*: gyro 
is precessed by the. erection control is called the erection 'rate. There are 
three ways in which the erection control lean -be : designed, 'First, the 
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erection control can be made proportional to the angular difference be 
tween the spin axis and the pendulum. 
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For example., if the difference angle were 1 deg, the erection rate might 
be 0,5 deg/min. For a 2 d eg difference, the rate would be 1.0 deg/min, etc-. 
This is referred to as linear erection system, and the erection rate chosen 
in Fig. 1-46 is 0.5 deg/min/deg, 

Bang-Bang Erection System 

On the other hand, the erection control may be designed so that no 
matter what the angular difference is between the gyro spin axis and the 
pendulum, the erection rate remains constant. For example, as soon as any 
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Steel ion Rate Characteristics 
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angle difference exists, the gyro will be precessed at a constant rate, say 
2.0 deg/min. The erection rate would be 2.0 deg/min whether the angle 
difference were 2 deg or 20 deg. This type is referred to as an on-off or 
hang-bang erection system. See Fig, 1-47. 

Semi-linear Erection System 

Usually, the erection system is designed as a combination of the linear 
and bang-bang control. If this is the case, the erection rate will be propor¬ 
tional to the difference angle over some range. When that range is exceeded, 
the erection fate becomes- constant. Suppose we have ati erection system 
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in which the erection rate is 0.5 deg/min/deg, over a range of 4 deg angular 
difference. Beyond 4 deg, the rate is constant at 2.0 deg/min. Therefore, 
if the angle difference were 3 deg, the erection rate would be 1.5 deg/min. 
However, if the angle difference were 4 deg, 8 deg, or any value greater 
than 4 deg, the erection rate would be 2.0 deg/min. This method of control 
is called a semi-linear erection system. Fig. 1-48. 



Which Erection System to Use (Cost) 

The question arises: "Which type of erection control should be used, and 
why?" Certainly, one factor that determines the kind of erection system 
chosen is cost. The bang-bang control can be accomplished by just using a 
mercury switch—very similar to those that make light switches silent. The 
mercury blob is gravity sensitive and will carry enough power to work 
directly into torquers without the need for intermediate amplifiers. This 
simplicity leads to minimum cost. 

The most expensive system to build would be the linear erection control. 
It is difficult to build a pendulum which will put out an electrical system 
directly in proportion to the angle, no -matter how large the angle 
becomes. Very possibly, in practical systems, that angle may be 180 deg. 
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Because of this practical difficulty, there are probably no perfectly linear 


That leaves only the semi-linear erection control.. Most pepduiurr» used in 
in the semi-linear systems do nor put out enough power to drive torquers 
directly. Tins means that an amplifier of some type is required—which 
usually adds to cost—making the semi linear system more expensive than 
the simple bang-bang control. See Fig. 1-49. 
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Which Erection System to XJt& ( Accwocy) 
Accuracy of the vertical must be 


a consideration. Vertical gyros are 
needed because we want an accurate reference line in space-^-and that line 
must be along the vertical. Any difference between. the line and the 
vertical might cause errors somewhere in the systems referenced to the 
gyroscope ‘ - %}•[' ’ 1 

There are at litast three ehectf. causing vertical -error, and the amount of 
error depends, upon the kind of erection control and the erection rate 
Thereare/: driit. ateeierationsOiXid aircraft turns Bee Eig 1-50. 

Drift errors are both random and apparent. Remember, random drift occurs 
because the gyro .is not a perfect instrument. Apparent drift occurs because 
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a gyro is fixed in space—not fixed-relative to the earth. Suppose we have a 
{.;v!o W>th a random firitc of 30 deg hr That is Q.$. deg/m in, Added to this fe 
the ap'jKtterrt. drifr due. <o earth s rate;- a maximum o i IS deg hr or ^ 
deg/umu Fiordy, the gyro is in an airplane, there is an additional 
apparent Unit .loe t<> earth ? profile II the plane is travelling.at fOu rnv bR 
the- appavgtjt dl/ift is about 4.3 deg hr or 0.07 deg ntjn'.'Therefore:, the 


maxifinmi -d*f% wmihi be 0-5 deg/min .plus, Q»25. dtig,4pro plus 0\07 

or oi>;» deg, oA-y *• ... > l •- 
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II we used a bang-bang erection system with an erection rate of at least 
0.82 deg min we could be sure that anytime the switch were closed, we 
Could put enough opposite rate (precession) into the gyro to balance out 
the 0,82 deg/mm drift. But before the precession can be .accotnplishetlTfc'e-.; 
switch must close. About the best we can do is to make a switch which will 
close with about 0.25 deg tilt. This means that there must, always, be a 
vertical error of about 0.25 deg. In other words, no matter how big we 
make the erection rate above 0 82 deg/tnirt, the Vertical error will always be 
about 0.25 deg due to the sensitivity of the switch. See Fig- 14i. If the 
erection rate were less than 0.82 deg min, the'vertical' referent:* could be 
expected to wander somewhere within the P-25 deg error band. 

Now, look at the semi linear system. First, let us assume "that the system 
is linear to at least erection rates of 0.82 deg min. Suppose'the rate over 
the linear portion is 0.82 deg.-nun deg. Tfiis means that to balance out t ne 
drift' there .roust be an error input of T deg. However. If the erection raie 
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error 


Wordtf of. 
Xfc-^'VartJeal gyro 


But notice one other point. Suppose that the gyro—instead of having a 
random drift of 0.5 deg/min (30 deg/hr)—had a random drift of only 0.05 
deg/min (3 deg/hr) . . . not unreasonable for a good vertical gyro. With 
this better gyro, the maximum drift would be 0.05 de|f/thm : ;'0lui/O>25/ipin 
plus 0.07 deg/rnm, or 0.37 deg/min. See Fig. 1-52. 

Even though the maximum drift is less, the bang-bang system can’t reduce 
the vertical error below 0.25 deg, because of the limitation of switch 
sensitivity. However, the semi-linear system could operate with a 0.25 deg 
vertical error with an erection rate of 1,48 deg: min deg (four times the 
drift rate). In addition, if the erection rate were doubled to 2.96 deg min/ 
deg, the vertical error could he reduced to 0.125 deg. 

Finally, suppose that some way could be found, to introduce precession 
taCtes to balance out earth’s rate and earth's profile without using the 
error resulting from pendulum offset. The bang-bang system would still 
be limited to a vertical error of 0,25 deg because of haskswitch sensitivity. 
However, the semi-linear system could operate at 0.25 deg vertical error 
with an erection rate of 2.0 deg/min/deg .with the 0.25 deg min random 
drift gyro, and 0.2 deg/min/deg with the 0.05 deg min random drift gyro. 
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See Fig. 1-53. As. we will find out later* it is best to use the lowest possible 
erection rate for erection control This means that—with respect to drift, 
at least— the bang-bafig System would be best for high random drift gyros, 
and the-semi-linear system would be best for low random drift gyros. 
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VERTICAL GYRO 


your hand forward, or from side to side. You will notice that under these 
conditions, the line between yottr hand and the bob will no longer lie along 
the vertical. The same thing happens to the pendulums carried on the 
vertical gyro- These give out an error signal, even though the spin axis 
remains vertical These erroneous signals would produce precession rates 
which could move the gyro spin axis, resulting in vertical error. See Fig. 
1-54. 

One. of-the main reasons we want to keep the erection rate as low as 
possible is to keep the gyro from responding rapidly to these erroneous 

axis 


error signals. Fast response would cause wander of the gyro spin 
through large angles. 


Vertical 


Vortical 
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Gyro surges forward 
resulting kt an error 
signal ^ 
the pendulum 


This error signal from the 
pendulum is doe to vertical 
;f. gyro tilt 


It would be fine if there were some way of discerning the difference 
between pendulum signals resulting from vertical error and pendulum 
signals resulting from these surges or accelerations. Unfortunately, there 
is none. See Fig. 1-55. Therefore, the erection rate must be a compromise 
High enough to keep the vertical error low because of drift but low enough 
to keep the vertical from wandering in response to the surges. (This 
explains why a low drift gyro is so important: the vertical error can bV 
kept small, even with a low erection rate.) 
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It is during these periods of surging or pendulum oscillation that the gyjro 
is needed to remember the average vertical position. We would be miscalcu¬ 
lating if we tried to reference anything to the rapidly changing pendulum. 

Now it turns out that the semi-linear or linear erection system does a much 
better job of permitting the gyro to remember the average position of the 
pendulum than does the bang-bang system. Therefore, you will probably 
find the semi-linear erection system used with gyros of higher accuracy 

Which Erection System to Use (Aircraft Turns) 

There are also errors caused by aircraft turning. Earlier, we said that when 
an airplane turns, the pendulum lines up with the yaw axis. This means' 

THERE ARE ERRORS CAUSED BY AIRCRAFT TURNING. BORING THE 
AIRCRAFT TURN THE PENDULUM LINES UP WITH THE YAW AXIS. 


LET US SAT YOU ME WALKING ALONG AT 
A STEADY PACE, CAIGYING THE PLUMB BOB 
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that the pendulum moves away from the Vertical by an amount equal to 
the bank angle. You can demonstrate this bank angle effect by trying the 
following experiment. Hold the carpenters' plumb bob at arm's length. Now. 
begin to turn. You will notice that the faster you turn, the more the 
pendulum flys out. See Fig. 1-56. 

One standard rate of turn for an airplane travelling about 300 rrii/hr is 
3 deg/sec. This means that it would take a minute to turn through 180 deg. 
Under these conditions, the bank angle would be about 35 deg. Fig. 1-57 
will help you find the bank angle for any airspeed and any rate of turn. 
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With a bang-bang erection system having an erection rate of 5 deg/min, 
the gyro spin axis would be precessed away from the vertical by 5 deg 
during the 1 min turn. After the plane leveled out, the erection system 
would return the spin axis to vertical in 1 min. 



6 Deg frtM Vertical 


Vertical After 1 Mia 
Straight cad Level Flight 



6 Deg Froai Vertical 
FIG. 1-58 


Vertical After iVt Mia 
Straight cad Level Flight 


However, if a semi-linear erection system were used with an erection rate 
of 2 deg/min/deg out to 3 deg, and constant at 6 deg/min beyond 3 deg, 
during the turn the gyro spin axis would be precessed away from the 
vertical by 6 deg—exactly the same as with the bang-bang system. After 
the plane leveled out, the erection system would return the spin axis to 
within 3 deg of the vertical in % min. But because of the proportional 
erection rate between 3 deg error and 0 deg error, another minute or so 
would be needed in that interval—making a total time after turn of about 
1% min, before return of the spin axis to the vertical. 

Therefore, the bang-bang system will usually cause faster recovery from 
a turn than a semi-linear system. See Fig. 1-58. But in most applications, 
even the % min recovery time of the bang-bang system is too long. We 
will look at some methods of overcoming this turn error in a moment. 


































































































































































































Which Erection System to Use (Summary) 

We would probably never use a linear erection control because it just 
could not be built practically—at least, up until this time. 

The bang-bang erection control is generally used on lower performance 
gyros, with random drift rates about 30 deg/hr. The random drift on these 
units is so high that further refinement does not buy very much. 


SEMU1HEM USED WITH 
HIBff PERFORMANCE 6YR0S 


With better gyros—drift rates about 3 deg/hr—the semi-linear erection 
control is generally used. The semi-linear system is more flexible, and 
lends itself to refinements permitting compensation for apparent drift 
due to earth’s rate and earth’s profile, with a minimum of extra hardware. 
See Fig. 1 >59. 

Initial Eraction 

We said before that the erection rate should be as low as possible to get the 
best performance from a vertical gyro. Fora bahg-bang system, the rate will 
be in the order of 5 deg/min, and for a semi-linear system, the rate will be 
in the order of 1 deg/mm/deg, out to about 5 deg. Beyond 5 deg, the rate 
would be constant at 5 deg/min. 

These, low erection rates do create a problem however. Vertical gyros are 
usually built so that there is complete freedom to rotate about the outer 
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gimbal axis, and freedom to rotate about $5 deg about the inner gimbal 
axis. With these gimbal, freedoms, the gyro is mounted in the aircraft sp 
that the outer gimbal axis tines up with the aircraft roll axis, and the 
tttner gimbal axis lines up .wi th .the aircra ft pitch axis. 

Consider what happens: before any dectric power is applied to the gyro* 
scope. When the wheel is nor spinning it loses any tendency to stay fixed 
in space—•except for the inertia of the wheel and the gimbals. That means 
that if the gyro is handled at all. the gimbals will begin to rotate at random 


EFFECT OF LOW ERECTION RATE ON INITIAL ERECTION 


Over Vi hour 
is needed to erect 
from gyro turn on 


about their axis. When power is applied, the erection system may have to 
erect the gjao to vertical through a roll angle which may be as big as 
180 deg, and a pitch angle which may be as large as 85 deg. With an 
erection rate of 5 deg/min, it would (rake over, half an hour to get the gyro 
up to vertical. See Pig. .1*60. This time is usually much too long. 

Fast Erect and Ccrcfitxg 

Two methods are commonly used to shorten the rtme needed for initial 
erection. One is to use a faster initial erection, rate. For example, a control 
can be devised which would give an initial erection rate of 180 deg'/mm. 
This means that when the gyro is first turned on, the maximum amount of 
time required to erect to vertical is about 1 mm. After the gyro is erected, 
the slower erection rate can be cut in. A system such as this is called a 
fast erect system. 
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Another method frequently employed is called caging. See Fig. 1-61. Here 
some mechanically latching device is used to physically lock the gimbals 
with respect to the case (base surface). When the base surface is horizontal, 
the gyro will be approximately vertical. When power is applied to the unit, 
the latching or caging mechanism unlocks, and the normal erection system 
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takes over. As long as the caging system is unlocked when the base surface 
is within a few degrees of being horizontal, the gyro will be erected to true 
vertical in a few minutes by the erection control. 

Caging can also be accomplished with electrical torques, instead of a 
mechanical latch. The reference for the fast erect system is the vertical, 
while the reference for the caging system is the base surface. 

Schuler Tuning 

We have learned that the pendulum was affected by aircraft surges, and 
therefore gave out error signals—even though the gyro spin axis was 
vertical. The response of the pendulum to these surges necessitates com¬ 
promises in erection rate: low enough so that the gyro does not become too 
responsive, but high enough so that the static vertical error is low. 
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Now, imagine that instead of using a pendulum that is only a couple of 
inches long for a vertical reference, we use a pendulum that was as long 
as the radius of the earth. That is, if we were standing on the surface of 
the earth, the plumb bob would be at the center of the earth. 

What would happen if you were holding the pendulum and suddenly thrust 
your hand back and forth, or from side to side? Since the tip of the 
pendulum is at the earth's center, the line between your hand and the tip 
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would always Une up - along.'the' earth’s radius. Thismeans that the 
pendulum Would always line up with the vertical (you wtil recall that the 
vertical has been defined as a line passing from the center o£ the earth to 
the surface). 

This principle was discovered by Max Schuler in 1923, It is known as 
Schuler Timing, see Fig. 1*62. 

It is difficult to incorporate a pendulum 4,900 mi long into a gyro. However, 
we now know how to build an erection system which acts as if it had a 
pendulous reference that long, See Fig. 1-63. 

You may recall that the period of a pendulum- is computed from the 
equation: 
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Period = 2ir 


4 


Length of pendulum (ft) 
Acceleration due to gravity (32 ft/sec/sec) 


Where the period is the time required for the pendulum to swing from one 
side to the other and then back to the first side again, that is. Using this 
equation, we find that a pendulum whose length equals the radius of the 
earth will have a period equal to about 84 min. The design of an erection 
system with an 84 min period is somewhat complex. It is only within the 
last few years that such systems have been successfully incorporated into 



nt.i« 

airborne gyroscopes, and then only in units requiring extreme accuracies— 
in the order 0.05 deg vertical error. When such an erection is used, errors 
no longer occur due to aircraft surges. 

Turn Error Compensation 

We discussed before the errors arising from aircraft turns. We concluded 
that the recovery time from such errors for any erection system was gen- 
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Erection Cut-Out 

If a sufficiently low drift gyro is used, the erection system can be halted 
during a turn. The device used to detect when the aircraft is in a turn 
is called a rate gyro (this will be described in detail later). 

Let us suppose that a gyro with a random drift of 10 deg/hr has its erec¬ 
tion system disabled during a turn lasting 1 min. During the turn, the gyro 
would drift from the vertical only about 0.6 deg. or about 1/10 of the ver¬ 
tical error that would be encountered if the erection system were still in 
control. See Fig. 1-65. 



* 

Switch transferred darln§ tara far pitch-hank eenpensatlen 


During a turn, usually only the roll 
Fit. 1*66 pendulous reference is effected 

Pitch-Bank Compensation 

Another method of turn compensation utilizes the fact that during a turn 
usually only the roll pendulous reference is affected. Unless the plane also 
dives or climbs during the turn, the pitch pendulum will remain aligned 
with the vertical. Thus, when the turn is detected, the roll pendulum signal 
is disconnected and the roll erection system gets its error signal from the 
pitch pendulum. See Fig. 1-66. 

Inclined Spin Axis 

If you follow the effect of the roll pendulum during the turn—as is done in 
Fig. 1-67—you will find that if the erection system is kept on during a 
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complete 360 deg ruin, the spin axis would be erected to the vertical at 
the end of the complete turn. For any turn less than 360 deg; however, 
there would be some vertical error. In fact, the vertical error would be 
greatest at about 200 deg. 
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S.im AXES OF GYRO 
INCLINED FORWARD 


It turns out that if the gyro spin axis is inclined forward by sense specific 
amount (depending upon the bank angle), it will retain this position at 
any point daring the turn. Although the compensation is accurate for only 
one bank angle, it remains reliable for bank angles which do not vary 
greatly from the calibration value, This initial inclination about the pitch 
axis can be built into the erection system by offsetting the pitch, erection 
pendulum. The fixed pitch vertical error can be offset by proper alignment 
of the pitch pickoff. 

Compensated Pendulum 

Remember that when an aircraft goes into a turn, the roll pendulum tends 
to swing to the outside of the turn, ft is possible to combine this roll pen¬ 
dulum with a single-degree-of.freedom gyro whose spin axis lies along 
the aircraft spin axis, and whose output axis lies along the aircraft roll 
axis, see Fig. 1 t68. 




In a manner we. will investigate in a later chapter, it is possible to adjust 
this combination so that the amount the pendulum tries to fly out is exactly 

roll axis 


balanced out by the amount that the gyro processes about 
toward the inside- ; pf the turn, Therefore, during the turn, the pendulum 
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will remain aligned with the vertical. This compensation is exact only for 
a particular value of airspeed, but will, in almost any case, be better than 
no pendulum compensation at all. 

Two-Rotor Vertical 

single rotor with two- 


Until now, the vertical gyro has been shown 
degree-of-freedom. Sometimes, however, in systems designed for low drift 
rates, about 1 deg/hr or so, two wheels are often used in the vertical gyro. 
As shown io Fig. 1-69, each wheel nominally has twu-degree-of-freedom. 
However, an electrical control system, very similar to the erection system. 
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is used to position each rotor with respect tc> the inner gimbkl (labeled 
f ‘pitch’' in Fig 1-69). The roll gyro is maintained in a fixed position about 
the Inner pitch axis, and the pitch gyro is maintained in a fixed position 
about the mnefroll axis. , - v,?.; -*• : • >.- 


Vstllcsf gyra 


Centering System 

This orientation is achieved by connecting a pickoff between the rotor and 
the inner gimbal. The inner pitch and inner roll axis are often called the 
centering or tilt axis The outer roll and outer pitch axis are frequently 
called the output, or-sensitive axis. If the; rotor drifts away f rom the 0 
position, an electrical signal is; developed which is led—usually through 
an amplifier-—to a totqtier about the quadrature axis. 

For example, the roll gyro has a pickoff between the roll rotor and the 
inner gimbal measuring the roll rotor rotation about the inner gimbal 
axis. Any signal From this picked is fed to a torquing device about the 
outer roll axis. This System is almost exactly the same as the erection 
system. In the erection systenh the error pickoff is gravity sensitive, and 
in this system, the pickoff is position sensitive. This control Is called the 
centering system^ see Fig. 1-70. 
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There is one big difference between- the two systems ■: the rate o£ precession 
developer!. Where the rates? in the erection system may be 1 deg/min/deg, 
the rates in the centering system may be 1,000 deg/min/deg. This means that 
the torquers used m the centering system must be 1,000 times more .pow¬ 
erful/ than fhe -erection h>tqb«§. . 
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Advantages of the Two-Rotor Vertictd (Random Torque) 

In effect, the centering system tends to wash out random torques from 
piekoffs and such Let us see how this is done. See Fig. l-?t. 

In the single wheel vertical gyro, pickoff torques about one output axis 
produce drift about the quadrature output axis. In the two-wheel vertical 
gyro/ however,, this does not happen.. Suppose the roll pickoff—-mounted 
on the outer roll axis—has some reaction torque. That torque, acting about 
the outer roll axis would tend to make the roil gyro wheel drift about the 
inner pitch axis. Since the drift would change the orientation of the roll 
gyro wheel with respect to the pitfch gimbaf a signal would drive the torquer 
about the outer roll axis, resulting in opposite precession of the roll gyro 










tering system would be exactly equal to (but would act in an opposite 
direction from) the roll pickoff reaction torque. 

As a result, each gyro wheel is made insensitive to random torques about 
its sensitive axis. The centering system, then* relieves some mechanical 
balance and alignment problems usually associated With a single wheel 
vertical gyro. 


$ Wm WHEEL VESTtCAl 6YR0, PICKOFF TORQUES ABOUT OHtOUTPUT 
m 80 mi PRODUCE DRIFT ABOUT THE QdUQRATORF OUTPUT AXIS 
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Advantages of Two-Rotor Vertical (Nutation) 

Tw&-degree-of-freedom gyros are subject to nutation, which is a wobbling 
of the spin axis. See Fig. 1-72. This natation can be started by any random 
impulse such as tapping the gimbalStructure or just starting up the motor. 
Once Started, it tends to continue since it represents a transfer of energy 


from ohe-degree-of-freedom to another. 

In practice, it will die out because of bearing .'frictions or other damping. 
The nutation frequency can be kept high and-the oscillation amplitude 
kept low by using a high speed rotdr, 

Because-of the higher accuracy and freedom from nutation, almost all pre¬ 
cision vertical gyros employ two wheels 
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Uses lor Vertical Gyros 

We have said that a gyro stabilized reference line could be used for auto¬ 
pilot control, This is one of the major applications of airborne vertical 
gyros. In another application, the pilot can use the vertical gyro to get 
his orientation under blind flying conditions. In this case, the vertical gyro 
is put in a panel instrument called th t Artificial horizon (Fig. 1-73) and the 
pilot gets pitch (climb or dive) and roll 

(bank) angles. 

The last major application fef ; the airborne vertical gyro is as a stable ref ¬ 
erence for other airborne gear, For example, suppose that the aircraft is 
carrying a radar antenna and it is desirable that the antenna be kept look¬ 
ing straight down. '.If the aircraft pitched or rolled, the antenna would 
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tend to move also and perhaps lose its target. However, a followup system 
can be devised which will keep the antenna in the same relationship to the 
aircraft as the gyro is. This means that the antenna would also be stabi¬ 
lized. Pickoffs which measure the position of the antenna with respect to 
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the aircraft are compared to the gyro pickoffs. differences between the 
two sets of pickoffs produce error signals which feed torquer motors 
mounted on the antenna. These torquers then reposition the antenna until 
it aligns with the gyroscope. The f ollowup system is called a servomecha¬ 
nism—or just plain serve. 





QUESTIONS AND PROBLEMS 


1. What is a vertical gyro? 

2. Explain latitude and longitude. 

3. How do you find the horizontal component of earth’s rate? 

4. Assume that the outer gimbal axis of a vertical gyro lies along the roll 
axis of an aircraft and that the inner gimbal axis lies along the pitch 
axis. What factor determines how the horizontal component of earth’s 
rate affects the apparent drift about the outer and inner gimbal axes? 

5. How does the vertical component of earth’s rate affect a vertical gyro? 

6. Assuming the gimbal alignment given in Question 4, which axis of the 
gyro is effected by earth’s profile? 

7. What is the basic difference between apparent drift and random drift? 

8. Explain why both a gyro and a pendulous reference are needed to pro¬ 
vide a vertical reference. 

9. What are some of the control systems associated with a vertical gyro? 

10. What are some methods for turn error compensation? 
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VERTICAL GYRO COMPONENTS 


Gyro Motor or Rotor 

So far, vve have examined in detail what a vertical gyro is, how it works, 
and what it can be used for. Now let us take a close look at some of the 
components used in the instrument to accomplish the performance and 
control vye have described. 


CentMlw 


The rotor is always circular and symmetrical about the spin axis. See Fig. 

a n m A „•» _ .* j _ « _ * ' -r. •y.• • ^.I--.L!: -iL’iL _ .. ■« ri 


1-74. Any other shape would cause unbalances during rotation which could 
give rise to random torques, resulting in unwanted drift. Usually, the rotor 
has most of the weight concentrated around the rim. In this manner, the 
greatest inertia is achieved for a given weight. Remember that inertia 
times wheel speed equals angular momentum—and it is the angular momen¬ 
tum that gives the gyro its space stabilization. However, the weight only 
causes more load on the gimhai bearings, which may cause higher friction, 
This, in turn, causes drift. In fact, engineers sometimes use a figure of 
merit (the inertia divided by the weight) to compare performance of alter¬ 
nate designs. The higher this figure of merit, the better will he the gyro 
performance. 

Because inertia depends upon the square of the radius, the rotor is made 
with the largest possible diameter. Therefore, the gyro motors are usually 
inside-out from the regular electric motors. On the usual induction motor, 
the rotor is a cylinder inside of the stator. A gyro motor is often made, 
though, with the rotor on the outside (or at a larger radius) than the stator. 
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CONVENTIONAL MOTOR 


GYRO MOTOR 


Fijred (lifttor) 


A rotor and stator assume that the gyro motor is actually an electric motor, 
and in most instances this is the case. See Fig. 1-75. However, many air¬ 
craft gyros used in panel instruments employ an air jet to spin the rotor. 
In some missile applications, where the rotor must reach full speed in just 
a few seconds, the driving force may be a ctockspring or Htn explosive car-: 
tridge,- Where this type of drive is used, the gyro may only foe needed for 
a few minutes. 

Wheels driven as electric motors usually operate between 4,000 and 24,000' 
rev/min. Air driven rotors may spin as rapidly as 100,000 rev/min. 

Switch and Electromagnetic Pendulous Reference Devices 

In a bang-bang erection system a mercury switch is often used as a pen- 
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For the semi-linear erection system a pendulum linear oyet: about 5 deg 
(plus or minus.) from the vertical is adequate. One of the. most common is 
shown in Fig. 1*77. This gadget consists of an iron core suspended freely 
from a pivot. The bar is positioned over a transformer lamination shaped 
like the letter ’E” laying on its side. 
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Other Electromagnetic Pendulous Reference Devices 

The center arm of the E has an excitation winding and the two outside 
legs have pickup windings, The unit is palled an E-pickoff pendulum. 
With the pendulum bob in the center position, the voltages induced in the 
windings on the outside- legs are equal. These windings are connected in 
series, but in such a %vay that with equal voltages induced in each, the 
voltages will cancel out—leaving the voltage at the output equal to O. 
However, if the pendulum displaces in either direction from this null 
position* the output voltage increases. See Fig. 1-7S. This happens because 
the voltage in one outside leg winding increases, while the voltage in 
the other decreases. Therefore, the difference in the voltage of the two 
windings is txo longer O. In addition, the output voltage will be in'phase 
with (or IdO deg out of phase with) the excitation voltage, depending 

upori which way the pendulum moves. 
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These mats are extremely se^jttive'-and Can detect movements as small 
as 3 min of arc. Unfortunately, the. power outputs ate very low: in the order 
of. milliwatts (0.01>i watt)., and these pendulums must be used with power 
amplifiers to adequately drive'^ectmn'fefquefs, Since the pendulum will 
detect deviatfotis from the v&tfcdl phly one axis, two such units are 

required for each vertical gyro. ^ 


iF THE PENDULUM DISPLACES 
IN EITHER DIRECTION FROM 
THE NULL POSITION, THE 
OUTPUT VOLTAGE INCREASES 


MR 


By using a universal pivot for the pendulum, replacing, the iron bar with 
a disc:, and placing two E cores at right angles to one another, it is possi¬ 
ble to hui Id an E-pickoff pendulum which will sense deviations from the 
vertical about two axes, instead of only one 
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Electrolytic Pendulous Reference 

The E-pickoff pendulum depends upon the variation to magnetic pickup 
for its operatich. Another type of penduious reference depends upon the 
electrical resistance of a fluid. A fluid which has a sufficiently low resist¬ 
ance to’ permit current to flow when a small voltage is applied, is called 
an electrolyte. A pendulous reference using electrolytes is sometimes 
called an electrolytic switch. As shown in Fig. 1-79, at the null position, 
the electrolyte covers equal areas on contacts ’‘A'* and "‘B,” so that the 
resistance through these contacts to the opposite case face are equal. How¬ 
ever, as the case tilts, one contact area increases (decreasing the resistance 
through the contact to the case), while the other contact area decreases 
(increasing resistance). Electrolytic switches can be built to carry enough 
power so that torquers tnay be driven directly without the need for inter¬ 
mediate amplifiers. 




Contact 
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By using four variable contact areas, instead of only two, it is possible 
to build airs electrolytic switch which will sense about two axes instead 
of one, 

Conveetron Vertical Reference 

There have been many other methods devised for detecting the vertical. 
One of the most unusual makes use of a principle you might uke in sum- 
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mer to keep cool: blowing air. This device, called a Convectron (see Fig. 
1-80), uses a nickel filament wire through which current is passed. The 
filament heats, and its electrical resistance changes, depending upon the 
temperature. The filament, however, loses some heat because of convection 
currents. Convection currents always rise along the vertical, but the cool¬ 
ing effect depends upon the angle between the filament and the current 
(another instance of resolving vectors). As the Convectron tilts, the angle 
between the filament and the air current on the two arms differ, causing 
a differing heat loss and a difference in resistance. The unbalanced resist¬ 
ances are used as two arms of an electrical resistance bridge and an output 
voltage is obtained which is a function of the tilt from gravity. Usually, 
the output is so small that an amplifier is required between the bridge out¬ 
put and the erection torquers. 



Erection Torquers 

Many different types of electrical torquers have been used in the erection 
control circuits for vertical gyros. All have two characteristics in com¬ 
mon. First, the units are capable of producing torque in two directions 
around the null—depending upon the error signal. Second, there is no 
mechanical connection between the torquing device and the torqued mem¬ 
ber. The latter is necessary because friction around the torqued axis must 
be kept to a minimum in order to reduce drift. 

A common torquing device is a pair of solenoids acting on an iron arma¬ 
ture. This configuration is a simple electromagnet. Fig. 1-81 shows how a 
complete erection control consisting of an E-pickoff pendulum and a 
solenoid torquer might be connected. 
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Amplifier 


E-PICKOFF VERTICAL 
PENDULUM 


SOLENOID TORQUER 


Another device often used as a torquer is a pancake induct ion motor. This 
is a conventional two phase induction motor where the stator is mounted 
on the gnr.bal and the rotor is mounted on the gimbal axis, concentric 
with the gimbal bearing. To save space, the unit is quite fiat—about U in 
thick-—and for this reason, is called a pancake 

Connections between a two axes electrolytic switch and two pancake 
torquers are shown in Fig. 1-32. 
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Micrbsyia . Torquer '■/^ ; / 

Recently, another type of torquer has becbine popular A microsyn torque 
generator. See Fig. 1-B3. One reason for the popularity of this design is 
that with minor changes in wiring, the unit, can he used as an accurate 
angle measuring device. 

The microsyn. torquer works because of the basic principle that iron, free 
to move in a magnetic held, will tend to move so as to get the most iron 
into the field. 

Observe the shape of the microsyn rotor shown in Fig, 1-63. Notice that 
only half of the coil pole is shaded (or covered) by the opposing rotor 
section. 

Suppose the coils on poles X and 3 were energized so that a magnetic field 
passed between the two poles. If the rotor were free to rotate, it would 
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Terminal 2 


Terwloffl 3 
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align itself so that the two pole faces were completely shaded. If the coils 
on poles 2 and 4 were energized, the rotor would move in the opposite 
direction in order tc* completely shade those pole faces. Therefore, the 
direction in which the rotor moves depends upon which field is stronger 
(between poles i and 3, or between poles 2 and 4), The amount of torque 
or force tending to move the rotor depends upon how strong the magnetic: 
field is. 

The microsyn torque generator requires two electrical inputs in order 
to operate. One is called th e reference input. It is usually obtained directly 
from the power line, and is of constant magnitude. 
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The coil currents resulting from the reference input are shown in Fig. 
1-84. Since all these coils are the same, the currents in each coil due to 
the reference input are equal. Therefore, the magnetic field between poles 
1 and 3 equals the magnetic field between poles 2 and 4, producing no net 
torque on the rotor. 


P«l« 1 



Inpat Control 

I c =0 


H CONTROL CURRENT 



Polo 4 


Ir 

, Ir 


Polo 2 of Ur 


Polo 5 



EQUAL TO 0, ALL POLE FORCES ARE EQUAL AND NO NET TORQUE RESULTS 




THE MICROSVN TORQUE 6ENERAT0R REQUIRES 

FI6.1*84 TWO ELECTRICAL INPUTS IN ORDER TO OPERATE 


The second input to the microsyn torque generator is called the control 
input. With the polarity of the control input illustrated, the indicated 
control currents also are present in each winding. For the example chosen, 
the control currents add to the reference currents in windings 2 and 4, 
but subtract from the reference currents in windings 1 and 3. Therefore, 
the magnetic field between poles 2 and 4 will be greater than the magnetic 
field between poles 1 and 3—resulting in a torque on the rotor which tends 
to rotate the rotor to align with poles 2 and 4. 

If the polarity of the control input were reversed, the control currents 
would add to the reference currents in windings 1 and 3, and subtract from 
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the refence currents in windings 2 and 4. This would produce a torque on 
the rotor, tending to rotate it in alignment with poles 1 and 3. 

Convectron-Microsyn Erection Circuit 

Microsyn torque direction depends upon the polarity of the control input 
with respect to the polarity of the reference input. The amount of torque 
depends upon th? product of the control current and the reference current 

Fig. 1»85 shows how the Convectron might be connected to the microsyn 
torque generator. 
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Bail or Inverted Pendulum 

Sc* far, we have discussed only electrically activated erection systems 
where the pendulous reference was separate from the erection torquer. 
Means of combining the vertical seeker and torquer into a single mechan¬ 
ical unit have been developed 

As shown in Fig. 1-86, a ccrfe face ro|lei aligned with the spin axis of the 
gyro rotor and rotated by magnetic Coupiting t° the rotor, is centered in the 
cork faced slot of the bail. The;haiti^ /£r‘&* to rotate about the output axis. 
In fact, the bail is unstable in the upright;position and would rotate so as 
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to hang downward if it were not for the restraint of the roller. Therefore, 
when the gyro spin axis is vertical, the bail jitters astride the vertical and 
no torque about the tilt axis is produced. 

However, when the spin axis of the rotor is out of alignment with the 
vertical, the bail leans against the roller so that the friction force between 
the corks on the roller and the bail slot produces a torque about the tilt 
axis. A torque about the tilt axis means that the torque vector lies along 
the output axis. According to the right hand rule, the spin vector tends 
to move into the torque vector. This means that the gyro will precess 
about the tilt axis in the correct direction to erect the rotor back to 
the vertical. 
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COMBINING THE VERTICAL SEEKER AND 
TORQUER INTO A SINGLE MECHANICAL UNIT I 


Ball-Disc Erector 

In this device, a plate coupled by a drag cup to the rotor is used to con¬ 
strain a steel ball in an accurate slot cut into the plate. When the rotor 
axis is off the vertical, the plane of the plate on which the ball rolls is not 
horizontal. Thus, the steel ball tends to roll down one side, and must be 
carried up the slope on the other side. When the ball is being carried up 
the slope, it remains at the bottom end of the slot. At the upper dead- 
center, it rolls down to the other end of the slot—travelling faster than 
the slotted plate during this part of the descent. Therefore, it spends 
a longer time on the ascending side and there is a torque—due to the 
weight of the ball—applied to the gyro system for a longer time on the 
ascending side of the plate than on the descending side. This torque is 
in the correct direction to cause the rotor to erect to the vertical. See 
Fig. 1-87. 
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has shifty along the output axis out of coincidence with the spin axis. 
This weight unbalance about the tilt axis gives rise to an erecting torque 
which brings the spin axis back into alignment with the vertical. 

Centering System Components 

The pickoffs used in the centering system are similar in operation to those 
used in the erection system It is important that the centering pickoffs 
exert no torque about the tilt axis, This torque shows up directly as drift 
about the output or sensitive axis. 

One centering pickoff commonly used is the same as the pendulous E trans¬ 
former, except that the iron core ;ts rigidly attached to the tilt axis and 
is not free to rotate in alignment with the vertical, 

Another form of E-pickoff is called the linear differential transformer. See 
Fig. 1-89. Instead of having the coils wound on the legs of a transformer 
lamination, they are wound around a tube. The iron core is a smaller 
cylinder which moves freely inside of the winding tube. 
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the spin axis, but are kept from flying out of the disc by the spherical 
shape. See Fig. j-88. Under this condition, the disc ball assembly is sym¬ 
metrica! around the spin axis and there is no weight unbalance. However, 
if the rotor tilts away from the vertical, the rotating balls tend to move 
in a new track which is symmetrical about the tilt axis, but whose center 
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Centering torques must exert much higher torques than are required from 
erection torquers. Since the centering torquers act about the output axis— 
and any stray torque about that axis is compensated for by the centering 
system—it is not necessary to eliminate the mechanical connection between 
the torquer and the torqued member. For this reason, conventional induc¬ 
tion motors with small torques of about 0.5 in»oz can be geared up to 
produce 50 in-oz of torque for the centering system. 

Output Pickoffs 

The kinds of gimbal pickoffs used on the vertical gyro depend upon the 
accuracy required, size, torque which can be tolerated, sensitivity (or reso¬ 
lution), pickoffs in the system using the gyro output, and cost. 

Potentiometers (or variable, resistances) are used on gyros having rela¬ 
tively poor performance—perhaps 30 deg/hr drift rate. See Fig. 1-90. Po- 
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VERTICAL GYRO COMPONENTS 


teniiomctei's -are-' comparatively inexpensive, but because of the; heed for 
M wiper, have torque leveis in the ordei of 10 gm cm. The units can be made 
to handle faitly high power, which, is useful in some applications. 

Syw-Chros •• v ■' ’ ‘ j- - . "‘v/0 

Synchros are probably the.most commonly used gyro pickoff. A synchro 
is an electromagnetic device which puts out an electrical signal depending 
upon the rotor position with respect to the stator. See Fig. 1-91. The rotor: 


ROTOR 


STATOR 
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TYPICAL GYRO PANCAKE SYNCHRO 


has one winding and the Stator has three WtrtdiftjgS. With the rotor excited; 
varying voltages are produced in the stator wifiriipgs-depending upon the 
rotor position. The output from the stator windings of the synchro is then 
fed to the. stator windings of a remotely located synchro. I f the rotor 
of. the remotely located synchro does nor have the '.same.'alignment with its 
stator (as had the rotor with the stator of the transmitting• synchro)•, : a: 
Vantage is induced in the receiving synchro-rotor windings. This Voltage 
car. then be used to control a positioning device to bring the receiving 
synchro in proper alignment. 
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VERTICAL GYRO COMPONENTS 


Synchros can be made with errors as small as 1 min of arc, They are com¬ 
paratively inexpensive and exert very little, reaction torque. For these 
reasons, most modern control and servomechanism systems use synchros 
as the data transmission device. 

Resolvers and Photoelectric Devices 

■Resolver# are similar to synchros, except that the rotor may have one or 
two windings, and the stator has: two windings, See Fig. 1-9,2. A resolver 


fait tmi 


is an electromagnetic component which can perform the function of resolv¬ 
ing a vector into rectangular, coordinates. If the voltage into the rotor of 
the resolver is proportional to the magnitude, of- the vector, and the rotor 
of the resolver is rotated through an angle equal to the angle of the vector, 
then the electrical output of one stator winding will be equal to the rotor 
voltage tildes'the casineof the rotor angle The output ffopj the of her 
stator winding will be the. rotor voltage times the sine of the, rotor angle. 
Gyros art sometimes used as part of a computing chain where this kind 
of resolved information is required. 

Photoelectric picket }s are used ib gyros where rto reaction torque can be 
tolerated. In this type of pickoiJ. f a beam of light, reflecting on a photocell 
is used to measure girnbal position. Although this approach is often costly 
and complex, if must be employed to insure frefeddm from any random 
torques. 
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QUESTIONS AND PROBLEMS 


1. What are two characteristics of gyro motors? 

2. Explain how a mercury switch works as a bang-bang erection system 
vertical reference. 

3. What are two references often used for semi-linear erection systems? 

4. Explain the operation of a Convectron. 

5. What are some commonly used erection torquers? 

6. Sketch the rotor and stator configuration of a microsyn. 

7. What are some mechanical erection devices which combine the vertical 
sensor with the torquer? 

8. How does the torque in a centering system compare to the torque in 
an erection system? 

9. What gimbal pickoffs (output pickoffs) are commonly used with a 
vertical gyro? 

10. Which gyro pickoff exerts the highest torque, and which exerts the 
lowest torque? 
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directional gyro 


What a Directional Gyro Is 

The vertical gyro preyiousjy; '.described -is designed For people who want 
to know which way is up or down. But there are times when gyros are 
needed to tell direction. 

It turns out that if you mount a two-degree-of-freedom gyro with the spin 
axis horizontal and with the output axis vertical (or in alignment with the 
azimuth axis) you get a stabilized pointing line iiri space. When used in 
this configuration (see Fig. 1-93)v the unit is called a directional gyro. In 
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this application, the directional gyro performs almost the same function 
as a tnaguetic compass. A compass points North during straight and level 
flight, just as the pendulum which points down during straight and level 
flight. At other times, however, the magnetic compass cannot be trusted 
for accurate readings, and the directional gyro must be used. 

Apparent Drift Due to Earth's Hate 

The directional gyro is subject to the same type of errors as is the vertical 
gyro. If the gyro spin axis originally pointed North, it would apparently 
drift away from that heading due to earth's rotation. As We pointed out 
earlier, the vertical component of earth’s rate effects the performance of 
the directional gyro since the output axis is vertical and is equal to earth’s 
rate times sine latitude. See. Fig. 1-94. 

This means that at the equator (latitude equals 0 deg) the vertical com¬ 
ponent of earth’s rate is 0, while at, the North Poie (latitude equals 90 deg), 
the vertical component of earth’s rate is 15 deg/hr. At New York City, 
the latitude is about 41 deg and the vertical component of earth’s rate is 
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I 'ert'icel component 
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about. 9.85 deg/hr. Therefore, if in New York City we originally lined up 
the spin axis of a directional gyro with North, the unit will have .appeared 
to drift away from North by about 9.35 deg at the end of I hr 

North Steaming Error 

There is another type of apparent drift which effects the directional gyro 
North defines the direction on the earth that we must face to point toward 
the North Pole As we indicated before, if you travel along a meridian or 
longitude line, you travei North or South. AH the'meridian lines converge 
at the North and South Poles. See Fig. 1-95, This means that if an airplane 
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flwaiohg the path defined by a space stabilized directional gyro, it would 
be flying straight in space... Thtsfcould not be the same as flying North, 
since flying North is a curved line in space. This effect.is sometimes called 
apparent drift due to meridian convergence. It is also called North srearn- 
ing error —arid the amourn of error depends upon speed and latitude. 
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Flux Valve 

The directional gyro has the samp random drift problems common to the 
vertical gyro. Even '.originally pointed .North, random torques due to pick-/ 
off friction, mechanical unbalance, etc- ... would cause the gyro to process 
in an unpredictable fashion. 

Therefore we must have a control system Which wcmid keep the spin axis 
of the directional gyro always pointing North..-. Why not use a compass 
as a for the vertical 'gylro? Basically, 

that is what is dpne, .except that if :1s difficult to hook up a position pickoff. 
to a compass .needle. The forces available are. so small that most any meas¬ 
uring device would foul up compass performance. Instead, we hang a 
■flux valve (see Fig 1-96) in the earth s magnetic field A flux valve is much 
like a syncrho. In the synchreva .particular set of voltages is set up in the 
three |t&ror winding—-depending upon the orientation of the rotor with 
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In the flux valve, a particular set of voltages are set 


. ...._ ___ 

Up in the three: stator wir.^lr.gs^tfepending' upon the orientation of the:, 
flux valve with respect to roagrict»c North fn the synchro, the voltages are 
induced from the rotor, In the flux valve, the voltages are induced by the 
earths magnetic field. There is nothing tn. the dux, valve equivalent to the 
rotor of a synchro. 
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Slaving Sysiem yyy: V 

Suppose we mount a conventional synchro receiver on the azimuth axis of 
a directional gyro. This synchro will then measure the position of the gyro 
spin axis about the.azimuth axis. The output from a flux valve is fed into 
the azimuth synchro, and the azimuth synchro is aligned so that when the 
spin axis of the gyro points North, the output from the synchro rotor is 
0. If the spin axis then points in any other direction but North, a voltage 
output is obtained from the synchro rotor—just as an error voltage was 
obtained from the pendulous reference if the spin axis of the vertical gyro 
were not pointing along the vertical. What do we clo about this error-vol¬ 
tage from the azimuth synchro? We apply it, through an amplifier, to a 
torquer mounted on the tilt axis of the directional gyro. 
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DIRECTIONAL GYRO 


Torque about the tilt axis will cause precession about the azimuth axis. 
This precession will continue until the output from the azimuth synchro is 
0, That occurs when the spin axis is pointing North. 

On a directional gyro, the control system which keeps the spin axis point¬ 
ing North is called the slaving system. Slaving rates (deg,/min/degof 
difference angle between spin axis and North) are about the same as the 
direction rates for a vertical gyro (about 1 deg/min/deg). See Rig. 1-97. 

Slaving System Problems ’ , ', 

There are a few problems in the system which prevent it from being per¬ 
fect. First, the gyro reference comes from the earth’s magnetic held. Unfor¬ 
tunately, the earth’s magnetic held does not exactly correspond to the 

pole is at 


earth’s geographic -North Pole. While the earth’s geograph 
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North latitude 90 deg, the earth's magnetic pole is at North latitude 71 
deg. West longitude 96 deg This presents no difficulty if the gyro is being 
used only to stabilize some device (like a radar antenna) relative to the 
earth. However, if the gyro is'being used for a navigation reference, cor¬ 
rections must be made to account for the differences in location between 
the geographic and magnetic poles. This has been a problem for the many 
overseas jets which fly polar routes, The usual fix is to disconnect the 
slaving system in the polar regions, and to depend upon the low drift rate 
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Another problem occurs because we are only interested in a heading ref¬ 
erence in the horizontal component of earth’s magnetic field. For this rea¬ 
son, the flux valve is made pendulous so that in straight and level flight, the 
stator is effected only by the horizontal component of magnetic field. The 
pendulous flux valve oscillates in the same manner as the vertical pen¬ 
dulous reference. This is why slaving rates are kept low. See Fig. 1-98. 



Spin Axis Orientation 

Depending upon the particular application, the spin axis of the directional 
gyro is either kept in a horizontal plane or in the plane of the vehicle. Two 
methods are usually used to keep the spin axis horizontal. See Fig. 1-99. 

The simplest uses exactly the same control as is used for the vertical gyro 
system, except that there is erection about only one horizontal axis. The 
other horizontal axis is the spin axis. 

Another method is to mount the directional gyro on a stabilized horizontal 
plane. We will see how that is done in the section on stable platforms. 

Usually, the spin axis is kept in a horizontal plane when we want the DG 
pickoff to measure true changes in heading: That is, changes of heading 
in a horizontal plane. 

However, for the simple system which uses an erection control, it turns out 
that although the spin axis is in a horizontal plane, the pickoff is in the 
plane of the aircraft. This means that under certain conditions of aircraft 
maneuvering (climbs, dives, and banks) during a turn, the pickoff output 
















































DIRECTIONAL GYRO 


is not the true change in.heading. The differences are called gimba fling 
errors ,They are due strictly to the geometrical construction of the gyro. 
Gimbaihng errors do not. arise when the DG is mounted on a stable plat¬ 
form,. because the pickoff always remains in a horizontal plane in - this 
condition. 

When the DG is being used to measure angular rotations about the; air-- 
craft azimuth -axis, the DG spin axis is usually kept in the plane of the- 
aircraft. This is done by using a control system which is exactly the same 
as the centering system used in a two gyro vertical. See Fig. 1-100 The 
centering pickoff is mounted oh the tilt axis, and the centering torque» is 
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Girnbaliing errors do not occur because the pickoff plane and the spin axis 
plane are always kept the same. 


The directional gyro (Fig. 1-101) employs a fast slave system for initial 
turn cm, just as the vertical gyro used a fast erect control ' Components- 
associated wah the directional gyro, such as torquers, centering pickoffs 
and output ptekoffs are similar to those used on the vertical gyro. 

The applications for the directional gyro are much the same as are the 
applications for the vertical gyro. 
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Gyrocompass 

North reference for the directional gyro described thus far camefffigjgfc the 
earth's magnetic field. It is also possible to 'build a riicetfsonkl gyro in such 
a way that the earth’s rotation causes the spin axis to seek North, 

It works like this. Suppose we take a directional gyro and make the rotor 
bottom-heavy by adding i weight on it As long as the spin axis is hori¬ 
zontal, the added Weight has no effect. But suppose that the spin axis dips. 
This moves the weight up, which in turn causes a torque about the tilt axis. 
In Fig. 1-102. with the spin direction indicated, this torque would cause 
the North end of the, spin axis to process off • in an Easterly direction. In 
the same way. if the spin apas rises, the resulting torque from the displace¬ 
ment Would cause the North end of the. spirt axis to process in a westerly 
direction. The bottom-heavy rotor is pendulous, and the indicated preces¬ 
sion arises from this pendulosity 

Next, let us locate this pendulous DG at some latitude. Remember that 
there is s horizontal component of earth's angular velocity which is equal 
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DIRECTIONAL GYRO 


to earth’s rate (15 deg/hr) times cosine latitude. This vector is in the hori¬ 
zontal plane and points North. As long as the DG spin axis is also point¬ 
ing North, this vector exerts no influence on the DG. 

Suppose that the spin axis drifts off to the East. As shown in Fig. 1-103, 
the horizontal component of earth’s rate can be resolved into two com¬ 
ponents: One along the gyro spin axis (which does not effect the opera¬ 
tion), and one along the tilt axis. (We did the same resolution for the 
vertical gyro.) A component of angular velocity about the tilt axis means 
that the gyro tilt axis (stabilized in space) is moving relative to the earth. 
In effect, the North end of the gyro tilt axis is rising from the horizontal 
plane. Because of the pendulosity, as described before, the gyro will precess 
in a westerly direction if the spin axis is raised—and that precession in a 
westerly direction will get the spin axis pointing North again. 

In the same way, if the gyro points West, a component of earth’s rate is 
developed which is the same as the spin axis dipping, and Easterly preces¬ 
sion results. Thus, this gyro seeks true North due to the earth’s rotation, 
just as a compass seeks magnetic North, due to the earth’s magnetic field. 
In fact, gadgets constructed along these lines are called gyrocompasses. 

The gyrocompass will only work satisfactorily in slow moving vehicles. 
Therefore, they are not suitable for aircraft, but are used extensively on 
boats. 


QUESTIONS AND PROBLEMS 

1. What is a directional gyro? 

2. Why can’t a compass be used as a heading reference? 

3. A directional gyro is located in Dublin, Ireland. What is the apparent 
drift due to earth’s rate? (Note: Dublin is at 52 deg North latitude and 
7 deg West longitude.) 

4. What is the effect of the horizontal component of earth’s rate on a 
directional gyro? 

5. What is North steaming error? 

6. With what pickoff device can the flux valve be compared? 

7. Sketch a typical DG slaving system. 

8. What problem is encountered in using a flux valve for a heading 
reference? 

9. What is gimballing error? 

10. What are two ways of eliminating gimballing error? 
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Abbreviations, 21-22 
Acceleration, 51 

Aircraft velocity causing drift, 39 

Amount gyro, 9 

Angles: 

Eulerian, 8 
pitch, 8 
roll, 8 

yaw (azimuth), 8 
Angular momentum, 20,72 
Angular velocity, 6,39 
Apparent drift, 35-39,89-90 
Artificial horizon, 69 
Autopilot gyro, 4,41 
Axis: 

centering, 66 
inner gimbal, 2 
outer gimbal, 2 
output, 66 
pitch, 8 
precession, 17 
quadrature, 6 
roll, 8 

sensitive, 66 
spin, 2 
tilt, 66 

yaw (azimuth), 8,92 
Bail, 81 

Ball-disc erector, 82 
Bang-bang erection system, 46 
Base motion isolation, 3 
Bearing: 
ball, 2 
gimbal, 2 
rotor, 2 

Caging, 59 
Cardan, Jerome, 2 
Cartesian coordinates, 8 
Centering system, 66-67 
Compass: 
magnetic, 89 
gyro, 96-98 
Control system: 
caging, 59 
centering, 66 
DG spin axis, 94 
erection, 43-57 
fast erect, 58 
fast slave, 93 
initial erection, 57-59 
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servo, 43,70 
slaving, 92 
Convectron, 76-77 
Conversion factors, 23 

Damping, 68 
Degree-of-freedom, 8 
Descartes. 8 

Directional gyro, 5,89-98 
Displacement gyro, 9 
Drift: 

apparent due to earth’s rate, 35,89 
apparent due to earth’s profile (aircraft 
velocity), 39 

apparent due to North steaming error, 90-91 
random, 41-42 

Earth’s profile drift, 39 
Earth’s rate apparent drift, 89-90 
Earth’s rotation (rate): 
general, 29 

horizontal component, 34-37 
vertical component, 34, 38 
Earth’s vertical, 28 
Electrolyte, 76 
Electrolytic switch, 76 
E-pickoff, 74,84 
Erection: 
bang-bang, 46 
control, 43 

convectron-microsyn circuit, 81 

cut-out, 63 

fast, 58 

inertial, 57-58 

linear, 44-45 

rate, 45 

Schuler tuning, 59-61 
semi-linear, 46-47 
two axes circuit, 78 
which to use (acceleration), 51-53 
which to use (accuracy), 48-51 
which to use (aircraft turns), 54-56 
which to use (cost), 47-48 
which to use (summary), 57 
Error: 

difference between magnetic and geographic 
North, 93 
drift, 49-50 
gimballing, 94 
North steaming, 90-91 

reducing by calculating with power of ten, 
27 
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turn, 54-56 

vertical gyro sources, 48 
Euler, 8 

Eulerian angles, 8 
Exponents, 26 

Fast erect, 58 
Fast slaving: 
gimballing error, 94-95 
North steaming error, 90-91 
slaving, 92-93 
Figure of merit (rotor), 72 
Flux valve, 91-92 
Foucault, Jean, 3 
Free gyro,6 

Geographic North Pole, 93 
Gimbal: 
outer, 2 
inner, 2 

Gimballing error, 94 
Gyrocompass, 96-98 
Gyroscope: 
amount, 9 
classification, 8 
definition, 2 
directional, 5,89-98 
displacement, 9 
free, 6 
history,4 
instrument, 9 
integrating, 6 
non-instrument, 9 
rate,6 

single-degree-of-freedom, 6 
three-degree-of-freedom, 7 
two-degree-of-freedom, 6 
vertical, 5,28-70 

Heading, 36-37 

Horizontal component of earth’s rate, 34-37 

Inclined spin axis, 64 
Inertia, 18 
Inside-out motor, 72 
Instrument gyro, 9 

Latitude, 31,33 

Law of gyroscopics, 18 

Law of gyroscopic precession, 14 

Linear differential transformer, 84 

Linear erection system, 44-45 

Longitude, 31-32 


Magnetic compass, 89 
Magnetic North Pole, 93 
Mercury switch, 73 
Meridian, 32 

Meridian convergence, 90 
Microsyn, /9-80 
Moment arm, 13 

Non-instrument gyro, 9 
North Pole, 93 
North steaming error, 90-91 
Nutation, 68 

Pendulosity, 96-98 
Pendulous: 
reference, 5 
directional gyro, 96-98 
Pendulum: 
bail (inverted), 81 
compensated, 64 
electrolytic, 76 
E-pickoff, 74 
mercury switch, 73 
period, 43 
84-minute, 61 
Photoelectric pickoff, 87 
Pickoff: 

E-pickoff, 74 
photoelectric, 87 
potentiometer, 85 
resolver, 87 
synchro, 86 
use, 3 

Pin-ball erection, 83-84 
Pitch-bank compensation, 63 
Potentiometer, 85 
Powers of ten, 26 
Precession: 
calculation, 20 
general, 17 

Random drift, 41 
Rate: 

centering, 67 
drift, 57 
earth’s, 29 
erection, 45 
gyro,6 

of turn for aircraft, 54 
Resolver, 87 
Right hand rule, 18 
Right hand screw rule, 13 
Rotor, 1,72-73 
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Scalar, 11 
Schuler, Max, 59 
Schuler tuning, 59-61 
Semi-linear erection system, 46-47 
Servo system, 43,70 
Single-degree-of-freedom gyro, 6 
Slaving system, 92-93 
Space stabilized, 35 
Sperry, Elmer, 4 
Sperry, Lawrence, 4 
Spin motor, 1,72-73 
Stabilization, 3,70 
Stabilized reference line, 3,42 
Stable platform, 7,94 
Synchro, 86 

Th ree-degree-of-freedom gyro, 7 
Torque: 

calculation, 13-14 
centering system, 66 
drift producing, 41 
reaction, 41,67,87 
Torquer: 

electromagnet, 77 
general, 43 
mechanical, 81-83 
microsyn, 79-80 
pancake induction motor, 78 
Turn compensation: 
compensated pendulum, 64 


erection cut-out, 63 
general, 54-56 
inclined spin axis, 64 
pitch-bank, 63 

Two-degree-of-freedom gyro, 6 

Units, conversion, 20-21 

Vector: 
direction, 13 
precession, 18 

resolution of, 29-31,36-37,87 
spin, 12 
torque, 13 

Vertical component of earth’s rate, 34,38, 
89-90 

Vertical, earth’s, 28 

Vertical gyro: 
centering system, 66-67 
earth’s profile apparent drift, 39 
earth’s rate apparent drift, 35 
erection system, 44-61,81-83 
erection torquers, 77-80 
general, 5,28-70 
motor (rotor), 72-73 
pendulous reference, 73-77 
pickoffs, 85-87 
random drift, 41 
two rotor, 65-68 
uses, 44,69-70 

Vertical pendulum, 42 
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